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Postradiation Regional Cerebral
Blood Flow in Primates

L. G. COCKERHAM, Ph.D., T. J. CERVENY, Ph.D., and J. D.
HAMPTON

Physiology Department, Armed Forces Radiobiology Research
Institute, Bethesda, Maryland 20814-5145

COCKERHAM LG, CERVENY TJ, HAMPTON JD. Postradiation
regional cerebral blood flow in primates. Aviat. Space Environ. Med.
1986; 57:578-82.

Early transient incapacitatian (ETI) is the camplete cessatian
of perfarmance during the first 30 min after radiatian expasure
and perfarmance decrement (PD) is a reductian in perfarmance
at the same time. Supralethal dases of radiation have been
shawn ta praduce a marked decrease in regianal cerebral
blaad flaw in primates cancurrent with hypatensian and o
dramatic release af mast cell histamine. In an attempt ta
elucidate mechanisms underlying the radiatian-induced ETI/PD
phenamenan and the postradiatian decrease in cerebral blaad
flaw, primates were expased ta 100 Gy (1 Gy = 100 rads),
whale-bady, gamma radiatian.  Pontine and cartical blaad
flaws were measured by hydragen clearance, befare and after
radiatian expasure. Systemic blaad pressures were determined
simultaneously. Systemic arterial histamine levels were determined
preradiatian and posiradiatian. Data abtained indicated that
radiated animals shawed a decrease in blaad flaw af 63% in
the matar cartex and 51% in the pans by 10 min pastradiatian.
Regianal cerebral blaad flaw of radiated animals shawed a slight
recavery 20 min pastradiatian, fallawed by a fall ta the 10
min nadir by 60 min pastradiatian. Immediately, pastradiatian
systemic bload pressure fell 67% and remained at that level
far the remainder af the experiment. Histamine levels in the
radiated animals increased a hundredfald 2 min pastradiatian.
This study indicates that regianal. cerebral blaad flaw decreases
pastradiatian with the develapment af hypatensian and may be
assaciated temporally with the pastradiatian release af histamine.

ARLY TRANSIENT incapacitation (ETI) is the
complete cessation of performance, occurring
transiently and within the first 30 min following

Address reprint requests to: Dr. Lorris G. Cockerham, who is
Chief, General Physiology Division, Physiology Department, Armed
Forces Radiobiology Research Institute, Bethesda, MD 20814-5145.

This manuscript was received for review in May 1985. The revised
manuscript was accepted for publication in August 1985.
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exposure to supralethal doses of ionizing radiation (17),
and performance decrement (PD) is a reduction in
performance at the same time. A possible explanation
for ETI may occur when supralethal exposure to
ionizing radiation, such as gamma photons, results in
postradiation hypotension (6) with the arterial blood
pressure often decreasing to less than 50% of normal
(11). One investigation (3) was able to closely correlate
PD with postradiation hypotension, usually with the
decrement following, within a few minutes, the initial
fall in blood pressure.

Postradiation hypotension may produce a decreased
cerebral blood flow (CBF) even though the central ner-
vous system (CNS) can often maintain CBF under con-
ditions of severe hypotension through the mechanism of
autoregulation. One study (5) demonstrated a dramatic
fall of CBF immediately following a single, 25 Gy (1 Gy
= 100 rads) ®Co exposure. Blood pressure fell 59% by
5 min postradiation, with the CBF falling to only 30%
of its preradiation value at the same time. Following a
postradiation mean systemic blood pressure decrease of
50% (5,11), the ETI/PD phenomenon may result then
from a decreased cerebral blood flow.

Studies have reported elevations of circulating blood
histamines in humans undergoing radiation therapy
(19), decreases in tissue histamine levels in rats (13),
and increases in canine plasma histamine levels (7,8)
following radiation. Histamine is released under the
stimulus of ionizing radiation (1,12) and is implicated
in radiation-induced hypotension. One study (11) even
reported the prevention or modification of radiation-
induced performance changes and hypotension by
the preradiation administration of an antihistamine.
This study was designed to determine if the postradia-
tion release of histamine, postradiation hypotension,
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and reduced cerebral blood flow can be correlated
chronologically.

Two contrasting regions of the brain were selected
for this study. The reticular formation of the pons was
selected because of its possible influence on levels of
alertness (2,22) and, therefore, its possible involvement
in postradiation ETI. The second region of interest,
the precentral gyrus, or motor cortex, is an area more
highly susceptible to hypoxia than the sensory cortex
or postcentral gyrus (20) and a decrease in blood flow
to that area may be responsible for a postradiation
decrement in motor performance.

MATERIALS AND METHODS

In this study, 12 male rhesus monkeys (Macaca
mulatta), from 25 to 44 months of age (31.6 = 1.5
S.E.M.), weighing between 2.8 and 4.8 kg (3.7 = 0.16
S.E.M.) were used. The animals were divided randomly
into two groups of six animals each. The animals
were grouped as follows: Group I, six sham-radiated
monkeys; Group II, six radiated monkeys.

Research was conducted according to the principles
enunciated in the “Guide for the Care and Use
of Laboratory Animals” prepared by the Institute
of Laboratory Animal Resources, National Research
Council. The monkeys were initially anesthetized in
their cages with an i.m. injection of 60 mg of ketamine
hydrochloride (to facilitate removal from cages) with
0.04 mg atropine sulfate (to facilitate intubation) and
were then moved to surgery where the remainder of
the experiment was conducted. (Ketamine and atropine
were given on a one-time basis.)

Approximately 3 h before radiation or sham-
radiation, the animals were intubated with a cuffed
endotracheal tube and ventilated using a forced volume
respirator to maintain a stable normal blood pH and
oxygen tension. After insertion of the endotracheal
tube, each animal was placed on a circulating water
blanket to maintain body temperature between 36 and
38°C. A rectal probe was inserted to monitor body
temperature. A femoral arterial catheter was used
to withdraw blood for blood gas determinations and
to measure systemic arterial blood pressure using a
Statham P23 Db pressure transducer. A systemic
venous catheter was used to administer physiologi-
cal saline and maintenance doses of anesthetic (a-
Chloralose, as needed, for a total dose of 100 mgkg™).

The animal’s head was positioned on the headholder
of a stereotaxic instrument (David Kopf Instruments,
Tujunga, CA) and the scalp shaved and incised,
allowing access to the skull. Using the stereotaxic
micromanipulator, the skull was marked for insertion
of four electrodes and small burr holes were drilled
through the skull at these marks. Again, using the
micromanipulator, one electrode was placed in the left
and one in the right pons (21). In the same manner,
one electrode was placed in the left and one in the
right precentral gyrus of the parietal cortex, 4 mm
each side of the longitudinal fissure. The latter two
electrodes were placed so that the tips were 2 mm
below the surface to ensure that measurements would
be taken from the cortical grey matter. The electrodes

were Teflon-coated, platinum-iridium wire of 0.178 mm
diameter, encased in, but insulated from, stainless steel
tubing (standard 22-gauge spinal needle) for rigidity,
with exposed tips of approximately 2 mm. The exposed
dura was covered with moistened pledgetts and the
electrodes were sealed and secured to the skull with
dental acrylic. A stainless steel reference electrode was
placed in nearby tissue.

Regional cerebral blood flow was measured by
the hydrogen clearance technique for 30 min before
radiation or sham-radiation and for 60 min after. This
technique is essentially an amperometric method of
blood flow measurement and is described in previous
publications (6-8).

After 30 min of recording, the animals were discon-
nected from the respirator and recording apparatus to
facilitate radiation in a separate room. The animals
were reconnected to the respirator and recording
apparatus at 4 min postradiation or sham-radiation and
measurements were continued for a minimum of 60 min.
At 30 and 10 min preradiation or sham-radiation, and
at 6, 10, 15, 30, 45, and 60 min postradiation or sham-
radiation, blood samples were taken via the arterial
catheter to monitor stability of blood pH and oxygen
tension, and respiration was adjusted to maintain
preradiation levels. Simultaneously, body temperature
was monitored and maintained with the water blanket.
Mean systemic arterial blood pressure was determined
via the arterial catheter for the duration of the
experiment. After termination of the measurements
the electrodes were examined visually for verification of
placement.

At 10 and 30 min preradiation and 2 and 4 min
postradiation blood samples for plasma histamine deter-
minations were drawn from the arterial catheter with
plastic syringes and transferred to prelabelled, chilled
collection tubes contained EDTA. Determinations of
plasma histamine levels was then accomplished as
described in previous publications (7,8). All blood
samples were replaced with an equal volume of saline.

Radiation was accomplished with a bilateral, whole-
body, exposure to gamma ray photons from a cobalt-
60 source located at the Armed Forces Radiobiology
Research Institute. Exposure was limited to a mean
of 1.38 min at 74 Gymin™' steady state, free-in-air.
Dose rate measurements at depth were made with an
ionization chamber placed in a tissue equivalent model.
The measured midline tissue dose rate was 69 Gy-min™',
producing a calculated total dose of 100 Gy, considering
rise and fall of the radiation source.

Blood pressure and blood flow data were grouped
into 10 min intervals, measured in relation to midtime
of radiation, and plotted at the middle of the interval.
The Wilcoxon Rank Sum Test was used to analyze
statistically the blood pressure, blood flow and histamine
data. A 95% level of confidence was employed to
determine significance. Since all the animals were
treated identically before radiation or sham-radiation,
and since the preradiation data for the control and
test animals showed no significant difference, the
preradiation data for the radiated and sham-radiated
animals were combined.
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RESULTS

Mean systemic arterial blood pressure (Pa), as seen in
Fig. 1, displayed a 66% decrease from a preradiation
mean (116.1 = 2.4 mm Hg) in the radiated animals
within 10 min postradiation. A slight recovery was
seen at 30 min postradiation, followed by a decline to
a 60-min postradiation level that was 71% below the
preradiation values. After sham-radiation there was no
significant change in P for the six control monkeys. The
P2 values for the radiated group are statistically different
(p=0.05) from the sham-radiated, control group.

Fig. 2 displays a preradiation mean blood flow of 73.4
+ 3.1 ml- 100 g* - min~' of tissue in the reticular
formation of the pons. The postradiation blood flow
values for the sham-radiated, control monkeys showed
an overall average increase during the 60 min after
sham-radiation. However, postradiation values for
radiated animals showed a rapid and significant decline
to 51% below preradiation levels 10 min postradiation.
Following a slight recovery at 20 min postradiation,
the blood flow gradually decreased to 48% of the
preradiation level by 60 min postradiation. There was a
significant difference (p=<0.05) between the two groups
at all postradiation times of measurement.

Preradiation cortical blood flow, as shown in Fig.
3, was 489 = 4.0 ml - 100 g - min' of tissue.
Postradiation flow for the sham-radiated group of
monkeys showed only a 13% decrease for the 60 min
observation period. However, postradiation blood
flow values for radiated monkeys showed a precipitous
580
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decline to 63% below preradiation levels by 10 min
postradiation. This was followed by a sharp, partial
recovery at 20 min postradiation and a decline to 66%
below baseline levels by 60 min postradiation. These
levels are significantly different (p=<0.05) from those of
the control group at all postradiation observations with
the exception of the 20 min postradiation recovery point.

When preradiation systemic arterial plasma histamine
levels from the two groups were compared, no
significant difference was seen at the 95% level of
confidence (Table I). However, when postradiation
histamine levels from the two groups were compared,
there was a significant difference (p=0.05) at both the 2
min and 4 min determinations. Plasma histamine levels
in radiated animals at these points were determined to
be almost a hundred times greater than that found in
control animals.

TABLE I. PLASMA HISTAMINE LEVELS (ng'ml ).
100 Gy
TIME CONTROL RADIATED
(min) (+S.EM.) (£S.EM.)
0 6.09 + 023 655 + 036
2 6.19 * 0.18 599.40 + 89.4°
4 6.5 + 0.08 48030 + 78.9*

*Postradiation values significantly different (p < 0.05) from control.

DISCUSSION

Postradiation hypotension has been well documented
in the rhesus monkey, and a critical postradiation
mean arterial blood pressure (P.) of 50%—-60% of
the preradiation P. must be maintained for adequate
autoregulation of cerebral circulation (5,11,14). The
initial precipitous decline in Pa to 66% below preradia-
tion levels may, then, be associated with the similar
immediate decrease in regional cerebral blood flow
(rCBF) seen in both the pons and cerebral cortex of the
radiated animals. A similar decrease in cerebral blood
flow accompanied by symptoms and signs of cerebral
ischemia has been reported in man in response to drugs
(15). On the basis of diminished cerebral blood flow
reported in these animals, one might expect a severe
functional impairment of the CNS following radiation.
In fact, postradiation early transient incapacitation
(ETT) has been reported in monkeys starting as early
as 2 min postradiation, lasting for 10-30 min and often
accompanied by severe systemic hypotension during
which P. decreased to less than 50% of normal (4,10).
This is supported by Suzuki et al. (24) who reported that
spontaneous activity in cortical neurons ceased within
60 s after the onset of ischemia. The decline in P. and
rCBF and the temporary recovery of rCBF reported
here corresponds closely in time with the observed
occurrence of ETI (4,9,11) and suggests a temporal
relationship between the depressed P., rCBF, and the
appearance of ETI. Although seemingly similar, this
report differs from an earlier report by Chapman and
Young (5) in that it gives regional cerebral blood flow
rather than total cerebral blood flow as obtained with

a flow transducer placed unilaterally on the internal
carotid or common carotid artery.

Another complication in cerebral ischemia is the
opening of the blood-brain barrier as reported by
Suzuki et al. (23) and which may be associated
with the development of cerebral vasogenic edema
(18). Gross er al. (16) has reported an increase in
the permeability of the blood-brain barrier following
infusion of histamine into the internal carotid artery.
Therefore, histamine may be implicated, not only in
postradiation hypotension, but in the decrease in rCBF
and its associated neurological dysfunction and in an
increase in the permeability of the blood-brain barrier
following radiation. Further, since these mechanisms
may be involved in the production of cerebral edema,
the postradiation release of histamine may be involved
with the production of cerebral edema and its associated
neurological dysfunction.

Even though a temporal relationship does seem
to exist between cortical blood flow and ETI, the
presence of other factors must not be excluded. Some
other chemical factor could be released by radiation,
cause the release of histamine from mast cells, and
produce ETI by acting as a neurotransmitter in the
central nervous system. However, before a temporal
relationship, and definitely a causal relationship, can
be established, postradiation measurements of blood
chemistry, cerebral blood flow and behavioral effects
must be accomplished on the same animal subject.

ACKNOWLEDGMENTS

The authors thank Dr. M. A. Donlon for helpful advice and
guidance, E. A. Helgeson for technical assistance and Mrs. M. H.
Owens for manuscript preparation.

This work was supported by the Armed Forces Radiobiology
Research Institute, Defense Nuclear Agency, under Research Work
Unit MJ 00053. The views presented in this paper are those of the
authors; no endorsement by thc Defense Nuclear Agency has been
given or should be inferred.

REFERENCES

1. Alter WA III, Hawkins RN, Catravas GN, Doyle TF, Takenaga
JK. Possible role of histamine in radiation induced hypotension
in the rhesus monkey. Radiat. Res. 1983; 94:654.

2. Brodal A. The reticular formation. In: Neurological anatomy.
New York: Oxford University Press, 1969: 304—49.

3. Bruner A, Bogo V, Henderson EA. Dose-rate effects of
%Co irradiation on performance and physiology in monkeys.
Albuquerque, NM: Lovelace Foundation for Medical
Education and Research, 1975; Topical Report DNA 3660T.

4. Bruner A. Immediate dose-rate effects of ®“Co on performance
and blood pressure in monkeys. Radiat. Res. 1977; 70:378-90.

5. Chapman PH, Young RJ. Effect of cobalt-60 gamma irradiation
on blood pressure and cerebral blood flow in the Macaca
mulatta. Radiat. Res. 1968; 35:78-85.

6. Cockerham LG, Doyle TF, Trumbo RB, Nold JB. Acute
postradiation canine intestinal blood flow. Int. J. Radiat. Biol.
1984; 45:65-72.

7. Cockerham LG, Doyle TF, Donlon MA, Helgeson EA. Canine
postradiation histamine levels and subsequent response to
Compound 48/80. Aviat. Space Environ. Med. 1984; 55:1041-
5

8. Cockerham LG, Doyle TF, Donlon MA, Gossett-Hagerman
CJ. Antihistamines block radiation-induced increased intestinal
blood flow in canines. Fundam. Appl. Toxicol. 1985; 5:597—
604.

581

Aviation, Space, and Environmental Medicine - June, 1986



CEREBRAL BLOOD FLOW—COCKERHAM ET AL.

9.

10.

11.

12.

15.

16.

582

Curran CR, Young RW, Davis WF. The performance of
primates following exposure to pulsed whole-body gamma-
neutron radiation. Bethesda, MD: Armed Forces Radiobiology
Research Institute Scientific Report, 1973; AFRRI SR73-1.

Doyle TF, Turns JE, Strike TA. Effect of an antihistamine on
early transient incapacitation of monkeys subjected to 4000 rads
of mixed gamma-neutron radiation. Aerospace Med. 1971;
42:400-3.

Doyle TF, Curran CR, Turns JE. The prevention of radiation-
induced, early transient incapacitation of monkeys by an
antihistamine. Proc. Soc. Exp. Biol. Med. 1974; 145:1018-24.

Doyle TF, Strike TA. Radiation-released histamine in the rhesus
monkey as modified by mast-cell depletion and antihistamine.
Experientia 1977; 33:1047-8.

. Eisen VD, Wilson CWM. The effect of B-irradiation on skin

histamine and vascular responses in rat. J. Physiol. 1957,

136:122-30.

- Farrar JK, Gamache FW Ir, Ferguson GG, Barker J, Varkey GP,

Drake CG. Effects of profound hypotension on cerebral blood
flow during surgery for intracranial aneurysms. J. Neurosurg.
1981; 55:857-64.

Finnerty FA Jr, Guillaudeu RL, Fazekas JF. Cardiac and cerebral
hemodynamics in drug induced postural collapse. Circ. Res.
1957, 5:34-9.

Gross PM, Teascale GM, Angerson WI, Harper AM. H,-
receptors mediate increases in permeability of the blood-brain
barrier during arterial histamine infusion. Brain Res. 1981;
210:396—400.

Aviation, Space, and Environmental Medicine - June, 1986

18.

15.

20.

21.

225

23.

24,

- Kimeldorf DJ, Hunt EL. Neurophysiological effects of ionizing

radiation. In: Kimeldorf DJ, Hunt EL, eds. Ionizing radiation:
neural function and behavior. New York: Academic Press,
1965: 59-108.

Klatzo I, Suzuki R, Orzi F, Schuier F, Nitsch C. Pathomechanisms
of ischemic brain edema. In: Go KG, Baathmann A, eds.
Recent progress in the study and therapy of brain edema. New
York: Plenum Press, 1984:1-17.

Lasser EC, Stenstrom KW. Elevation of circulating blood
histamine in patients undergoing deep roentgen therapy. Am.
J. Roentgenol. 1954; 72:985-8.

Pluta R, Gajkowska B. Ultrastructural changes in the sensomotor
cortex of the rabbit after complete 30-min brain ischcmia. J.
Neurosci. Res. 1984; 11:35-47.

Snider RS, Lee JC. A stereotaxic atlas of the monkey brain
(Macaca mulatta). Chicago: The University of Chicago Press,
1961.

Somjen GG. The cycle of sleeping and waking. In:
Neurophysiology—the essentials. Baltimore, MD: Williams
and Wilkins, 1983:483-501.

Suzuki R, Yamaguchi T, Kimo T, Orzj F, Klatzo 1. The effects of
S-minute ischemia in mongolian gerbils: 1. Blood-brain barrier,
cerebral blood flow, and local cerebral glucose utilization
changes. Acta Neuropathol. 1983; 60:207-16.

Suzuki R, Yamaguchi T, Li C-L, Klatzo I. The effects of
S-minute ischemia in mongolian gerbils. II. Changes of
spontaneous neuronal activity in cerebral cortex and CAl
sector of hippocampus. Acta Neuropathol. 1983; 60:217-22.



ARMEO FORCES RAOIOBIOLOGY
RESEARCH INSTITUTE

SCIENTIFIC REPORT

SR86-24

Heart Function Studies in Dogs After Acute Gamma
Irradiation of the Precordium

LTC Asaf Durakovic, MC USA

In order to study the development of post-irradiation cardiac dysfunction, we irradiated the
precordia of 18 adult beagle dogs with 30, 60, or 100 Gy of Co-60 photons, and measured
cardiac histology, electrocardiograms, Tc-99, pyrophosphate cardiac tissue distribution, and
serial left ventricular ejection fraction (LVEF). Although the electrocardiograms and tissue
distribution of Tc-99m were unaffected by these dose levels, the LVEF was reduced by day
58 for all the irradiated dogs. The delay in the onset of cardiac function impairment parallels
the delay in the onset of fibrosis in irradiated hearts.

MILITARY MEDICINE, 151, 5:275, 1986

Introduction

Because of the large number of patients who
have received cardiac irradiation for the treat-
ment of thoracic neoplasms, as well as isolated
exposures to the heart from nuclear accidents,’
there has been considerable interest in the ef-
fects of radiation on the heart itself. Although
earlier studies had suggested a relative resist-
ance of the heart to radiation damage,? there is
now substantial evidence for dose-dependent ra-
diation induced cardiac damage in both man and
experimental animals. Early studies by Stone et
al.,® and Phillips, et al.* in dogs receiving X-ray
doses of 50-200 Gy demonstrated congestive
heart failure, pericarditis, ventricular conduc-
tion defects, focal necrosis, and fibrosis. Later
studies by Fajardo and Stewart® using the rabbit
model showed an acute pancarditis followed by
a latency period and eventual progressive fibro-
sis.

In a review of cardiac complications suffered
by patients treated with irradiation for chest neo-
plasma, Cohn, et al.® noted pericarditis, mitral
insufficiency, left ventricular conduction de-
fects, and myocardial infarction. Recent studies
of left ventricular ejection fraction (LVEF) by
Gottidiener et al.” and Gomez et al.,® have shown
decreased resting and exercise LVEF in patients
formerly treated with chest irradiation for Hodg-
kins disease. In order to determine if the decrease
in ejection fraction following cardiac irradiation
occurs in the acute or chronic phase of post
irradiation, we studied the effects of localized
cardiac irradiation on dogs.

Methods

All experiments were performed on male bea-

Radiation Sciences Department, Nuclear Science Division,
Armed Forces Radiobiology Research Institute, Defense Nu-
clear Agency, Bethesda, Maryland 20814-5145.

gle dogs maintained on standard laboratory food
and water ad libitum. Eighteen dogs were divided
into three groups which received respectively 30,
60, and 100 Gy of gamma irradiation applied
bilaterally to the precordium from a Theratron-
80 Co-60 teletherapy unit. The beam was con-
fined to a radiographically determined outline of
the precordium, and dosimetry measurements
were made on one of the experimental animals.
Isodose curves (Fig. 1) were constructed using
the Treatment Planning Computer at the Naval
Medical Center, Bethesda, MD. By this method,
the dose uniformity over the heart was +5%, and
the major portion of the lungs were beyond the
edges of the direct beams.

Multiple gated blood pool scintigraphic heart
function studies were obtained prior to irradia-
tion, and at 7, 21, 30, 50, 58, and 70 days post
irradiation. Tc-99m pyrophosphate scans were
obtained prior to irradiation, and on days 2, and
12 after irradiation on the dogs receiving 30 and
60 Gy Co-60 photons. Selected dogs receiving Tc-
99m pyrophosphate were euthanitized at either
2 or 12 days post irradiation, and tissue samples
from the heart, lungs, aorta, and pulmonary ar-
tery were analyzed for tissue uptake by counting
in an LKB ultrogamma well counter. Tc-99m
activity was expressed as percent dose per gram
of tissue. The tissue samples were also examined
histologically by light microscopy, and single lead
precordial electrocardiograms were obtained on
all dogs. The Student t-test was used for statis-
tical comparisons.

Results

Samples taken from the atrium, right and left
ventricle, and papillary muscle of dogs irradiated
with 30, 60, and 100 Gy all showed focal area of
perivasculitis. No evidence of focal necrosis was
detected in any of the irradiated dogs. The elec-
trocardiograms remained normal following irra-
diation at all of the above doses.

Military Medicine, Vol. 151, May 1986
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Fig. 1. 1sodose Curves of Irradiated Canine Precordium. The

intensities are represented as percent of the maximum dose re-
ceived by the heart.

TABLE 1

TISSUE DISTRIBUTION OF Tc-99m (% DOSE/GM
TISSUE x 10° MEAN * SEM)

Radiation Dose

0 Gy 30 Gy 60 Gy

Region (N=D5) (N=4) (N=12)
Left Atrium 04+0.1 06+02 09+02
Right Atrium 07+0.1 0702 07+0.0
Left Ventricle 05+x0.1 03%+00 0.7+0.0
Right Ventricle 05+01 03+00 06=x0.0
Apex 0.5+x0.1 0400 07=%0.0
Septum 05+0.1 04+00 07=+0.0
Papillary Muscle 06+02 05+01 07=x0.0
Aorta 0.9+0.1 1.1+0.3 1.3+0.0
Pulmonary Artery 0.8+0.1 1.9+0.3 1.3+0.2
Left Lung 1.1+0.2 14+00 1.2z0.1
Right Lung 09+02 1.0x0.1 1.4+0.0

The Tc-99m pyrophosphate (PYP) scans of the
dogs post-irradiation failed to show any evidence
of increased uptake of Tc-99m PYP in the cardiac
regions. Gamma counts of samples taken from
the ventricles, atria, and papillary muscle were
not statistically different from the tissue distri-
bution obtained in control dogs (C.F. Table 1).

The LVEF's of the dogs receiving 30, 60, and
100 Gy Co-60 photons are shown in Figure 2.
The ejection fraction of the dogs receiving 30 Gy
decreased gradually until day 57, at which time
it was 38.2 + 4.9% compared to the baseline
value of 52.5 + 3.4% (p < .05). Dogs receiving 60
Gy Co-60 photons showed similar tendency of
LVEF decrease on days 7 and 21 post-irradiation
reaching the value of 37.3 £ 6.2% on day 58.
This decrement was not statistically significant.
Dogs irradiated with 100 Gy Co-60 did not differ

Military Medicine, Vol. 151, May 1986

Left Ventricular Ejection Fraction in Dogs
After Gamma Irradiation to Precordium
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Fig. 2. Left Ventricular Ejection Fraction in Dogs after Gamma
Irradiation to the Precordium. (A) 30 Gy, (B) 60 Gy, (C) 100 Gy.
LVEF is expressed as percent + S.EM. * =p < .05, ** = p <.005.

from the baseline until day 50 when the LVEF
decreased to 39.8 + 5.4% (p < .05). Further re-
ductions in LVEF were observed on day 58 (25.0
* 3.3%, p < .005) and day 70 (25.0 + 4.2%, p <
.005).

Discussion

Numerous investigators have attempted to cor-
relate the dosage of radiation to the heart with
specific pathological lesions. Although Moss et
al.? reported an absence of detectable lesions in
dogs receiving 50-100 Gy photons, Phillips et
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al.4 noted pericarditis and areas of focal necrosis
in canine hearts exposed to 50-70 Gy. Fajardo
and Stewart®'° found a transient diffuse infiltra-
tion of neutrophils and histiocytes between six
and 48 hours following precordial irradiation of
rabbits receiving 20-90 Gy of X-rays. They also
noted a subsequent latency period lasting 48 to
70 days during which no pathological lesions
were present, followed by the development of
progressive myocardial fibrosis. In the range of
135-380 Gy, several authors have reported mod-
erate to severe myocardial necrosis,>!' and
muscle degeneration.'?

In our work we have examined the time course
of the development of cardiac dysfunction in
canine hearts following irradiation with Co-60
gamma rays. At each of the three dose levels,
which are in the same range of doses used by
Fajardo and Stewart,> we have observed an ab-
sence of a statistically significant decrease in
LVEF until the later time periods of 58 to 70
days, when a marked impairment of heart func-
tion was observed. It appears that there is a very
close correspondence between the duration of
this latency period preceding diminution in LVEF
and the latency period preceding the onset of
fibrosis in irradiated rabbit hearts. Since the
cardiac dysfunction is frequently caused by
structural defects within the heart, the eventual
decrease in LVEF in our canine model could have
been due to delayed diffuse fibrosis, especially at
the higher dose levels. The fact that significant
decrements in LVEF were detected by 58 days
suggests that the onset of subtle cardiac dys-
function in patients irradiated for mediastinal
neoplasms occurs much earlier than previously
reported.”®
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The Effect of Anesthetic, Sedative or Narcotic Drugs
on Intrahepatic and Extrahepatic Biliary Kinetics

LTC Asaf Durakovic, MC USA

The purpose of this study was to evaluate hepatobtliary kinetics of Tc-99m-DISIDA In dogs
after administration of anesthetic, sedative or narcotic agents. Four groups of six male
Beagle dogs were studted as a non-treated control group and after parenteral administration
of ketamine (30 mg/kg I.m.). pentobarbital (25 mg/kg 1.v.) or morphine (1 mg/Kg i.v.). Each
animal was injected with 4 mCi Tc-99m-DISIDA and hepatobiliary scintigraphic studies
were obtained using a gamma camera with parallel hole multipurpose collimator and an A°
MDS computer. We determined: 1) peak activity of Tc-99m-DISIDA in the liver. 2) visualiza-
tion and peak activity of gallbladder. and 3) intestinal visualization of Tc-99m-DISIDA.
Pentobarbital significantly (p < 0.01) delayed intestinal visualization of Tc¢-99m-DISIDA
(140 = 12 min) compared to untreated controls (43 + 14 min): morphine further delayed
intestinal visualization (237 + 28 min: p< 0.01). Neither pentobarbital nor morphine altered
intrahepatic kinetics of DISIDA. In contrast, ketamine significantly accelerated both {ntes-
tinal visualization (18 £ 6 min: p < 0.01) and Intrahepatic billary kinetics compared to
control. Thus. two commonly used anesthetics and sedatives (ketamine and pentobarbital)
have dramatic and opposite effects on extrahepatic billary kinetics. Furthermore., ketamine,
but not pentobarbital. significantly accelerates intrahepatic billary kinetics. Finally. as
expected. morhine delayed extrahepatic biliary kinetles. Thus, studies of billary kinetics
should be interpreted with caution when measurements are made after administration of
anesthetic. sedative or narcotic agents.

MILITARY MEDICINE, 151, 7:368. 1986.

Introduction

Hepatobillary dynamic studies with the tech-
netium-99m iminodiacetic acid analogues has
superseded and replaced other radioisotope tech-
niques of scintigraphic evaluation of biliary
tract.! Early studies of hepatobiliary examina-
tion with Tc-99m IDA derivatives have proven to
be a safe, simple and noninvasive diagnostic
procedure? with a characteristic excellent he-
patic_extraction and rapid intrahepatic transit
time.>* They are superior to other diagnostic mo-
dalities, in visualization of the biliary tree in the
presence of even severe cholestasis.® This rep-
resents a distinct advantage to intravenous chol-
anglography {IVC) because of frequent adverse
reactions to i/v contrast media and failure to
visualize biliary tree in the presence of mild or
moderate hyperbi}irubinemia.® Oral cholecystog-
raphy (OCG) frequently fails to visualize biliary
tree and gallbladder in the presence of inflam-
matory changes, with additional disadvantage of
a relatively long time required for a diagnostic
study’ and strong uricosuric properties of oral
cholecystographic agents.® Transhepatic chol-
angiography {THC) has been associated with re-
ported cases of gru:umothorax9 requiring a chest-
tube drainage.'® Fine-needle technique of trans-

Chief, Nuclear MedIcine Division, Armed Forces Radiobiol-
ogy Research Instltute, Defense Nuclear Agency. National
Naval Medical Center, Bethesda, Maryland 02814-5145.
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hepatic cholangiography (FNTC) was reported to
cause sepsis in the patients with biliary obstruc-
tion with 3.3% of serious complications and
0.14% mortality rate.!! Similar complication
rates were reported in the use of endoscopic ret-
rograde cholangiopancreatography.'? Ultraso-
nography (US) by the high-resolution real-time
technique or gray-scale method is a non-invasive
and inexpensive diagnostic procedure for a rapid
evaluation of the billary tree and gallbladder.
This technique is a method of choice for calcu-
lous gallbladder disease,'® and should be used as
first imaging procedure in evaluating dilatation
of the billary tract. and in differentiating be-
tween surgical and medical jaundice.'* Computed
tomography (CT) is similar in accuracy to ultra-
sonographic techniques in diagnosis of surgical
Jaundice, and provides a better visualization of
the distal common bile duct.'3 CT technique, pro-
vides a superior resolution in diagnosis of space
occupying lesions, or hepatic abscesses.!® Nu-
clear scintigraphy with Tc-99m-IDA derivatives
remains the method of chojce in the diagnosis of
acute cholecystitis, evaluation of post-cholecys-
tectomy patients, surgical resections, choles-
tasis, biliary leakage, chronic cholecystitis and
dynamic studies of the hepatobiliary tract.!”
Preoperative management of the patients with
an acute biliary colic includes administration of
preanesthetic medication such as morphine, bar-
bituric acid derivatives or nonbarbiturate seda-
tive drugs. Administration of morphine in the
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usual dose of 8-10 mg (I/m} has been widely used
to reduce preoperative anxiety and pain of acute
abdominal colic in which cases it has been one
of the drugs of choice. Its Side-effects. including
stimulant effect on the smooth muscle may cause
spasm of the lower end of the common bile duct
(sphyncter of Oddi) which may lead to exacerba-

tion of biliary colic due to increased intraductal

pressure from normal 20 to 200-300 mm of
water. This effect may confuse diagnostic as-
sessment of hepatobiliary kinetics by rentgeno-
graphic, manometric or scintigraphic evalua-
tion.'® Barbiturates in hypnotic doses (Pentobar-
bital. Secobarbital) have been used in relief of
acute abdominal pain mainly due to their central
depressant action. decreased intestinal motility
and reduced gastric secretion.

It has been reported that administration of
phenobarbital (5 mg/kg/day) for five days prior
to scintigraphic examination accelerates biliary
excretion of IDA derivatives.'® This property of
phenobarbital was utilized in the diagnostic as-
sessment of extrahepatic biliary atresia from
neonatal hepatitis. thus overcoming a problem
of a slow excretion of tracer in severe cases of
neonatai hepatitis. Delayed excretion of Tc-99m
IDA derivatives in neonatal jaundice did not per-
mit late imaging studies due to a physical half
life of Tc-99m (6.02 hrs.), which was used in
advocating 1-131 labeled Rose Bengal (1-131 T.
= 8.2 days). as a method of choice in distinguish-
ing between hepatitis and neonatal biliary atre-
sia.?° While some authors have postulated the
action of ?hcnobarbltal on hepatic microsomal
enzymes.?' others have suggested that this ac-
celerated choleresis may be due to the synthesis
of the components of canalicular membranes,
possible Na+-K+ Adenosine-Triphosphatase.
The mechanism of phenobarbital-induced accel-
eration of bile secretion and canalicular bile flow,
still remains an area of controversy.??

Non-barbiturate analgesic agents used in he-
patobiliary clinical management include several
compounds, causing psychologic indifference
from the environmental stimuli without a hyp-
notic effect. thus producing dissociative anes-
thesia and analgesia. Ketamine {cyclohexylam-
ine) chemically related to hallucinogenic drugs.
but without disadvantages of their side effects
has been synthesized and used in experimental
and clinical medicine.

Materials and Methods

All experiments were performed on male adult
Beagle dogs (10 kg) maintained on standard lab-
oratory Dog Feed and water ad libitum. All ani-
mals had an overnight fast for 14 hours prior to
scintigraphic studies. Four groups of six dogs
were used in the study, as a nontreated control

group and after parenteral administration of Ke-
tamine hydrochloride (Ketaset, Bristol Laborato-
ries, Division of Bristol-Myers Co., Syracuse. New
York). Pentobarbital (Nembutal, Abbott Labora-
tories, Chicago. lllinois) or Morphine Hydrochlo-
ride (Wyeth Laboratories, Philadelphia, Pennsyl-
vania}. Ketamine was administered by intramus-
cular injection (30 mg/kg). pentobarbital (25 mg/
kg) and morphine (1 mg/kg) by intravenous
administration. Each animal was injected intra-
venously with 4 mCi Tc-99m DISIDA and hepa-
tobiliary dynamic studies were obtained by the
use of a gamma camera with a parallel-hole mul-
tipurpose collimator and an MDS-A® computer.
The parameters studied were (1) peak activity of
the liver. (2) half-time of the radlopharmaceutical
In the liver, (3) visualization of the gallbladder.
(4) peak activity of the gallbladder and (5) intes-
tinal visualization of Tc-99m DISIDA. Radio-
nuclide imaging studies were obtained in the
anterior view, every 5 minutes after the admin-
istration of Tc-99m DISIDA until the intestinal
visualization was obtained. All scintigraphic
studies were performed immediately after the
administration of the radiopharmaceuticali.

Results were expressed as a mean-time of the
tracer visualization, with a standard error of the
mean. Statistical significance was determined by
paired t-test.

Results

Peak activity of Tc-99m DISIDA in the liver
was not affected by the administration of either
Nembutal or Morphine (Fig. 3). Ketamine admin-
istration (Fig. 3) resulted in significantly shorter
time of the liver peak activity than control value
(p < 0.01). Simtilarly, half-time of the radiophar-
maceutical in the hepatic phase was not affected
by either Nembutal or Morphine, (Fig. 4) whereas
it was significantly decreased (p < 0.01) in ke-
tamine treated animals (Fig. 4). Gallbladder vi-

GALL BLADDER VISUALIZATION
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Fig. 1. Gallbladder visualization of Tc-99m DISIDA after the
administration of ketamine, numbutal or morphine.
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sualization was observed earlier in ketamine
treated animals (Table 1, Fig. 1) than in the
control, Nembutal or Morphine group (p < 0.01).
Gallbladder peak activity (Fig. 2) was not differ-
ent between Nembutal or Morphine treated ani-
mals as related to control, whereas gallbladder
peak activity was achieved in a significantly
shorter time after ketamine injection than in
either conttol, Nembutal or Morphine-treated an-
imals (p < 0.01). These results demonstrate that
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neither Nembutal nor Morphine altered intrahe-
patic billary kinetics. whereas all intrahepatic
parameters of Tc-99m DISIDA transit time were
significantly accelerated by ketamine adminis-
tration (Table 1).

Intestinal visualization was observed signifi-
cantly eariier in ketamine treated animals (Fig.
6) than in control (p < 0.01). in contrast. Nem-
butal treated animals had significantly delayed
intestinal visualization longer than three times
of the control values (Table 1. Fig. 5). This delay
in the intestinal visualization was more dramatic
in morphine-treated animals (Fig. 7) where intes-
tinal visualization was observed at over 5 times
longer interval as compared to control vaiue (p <
0.001).

These results indicate that a single dose of
pentobarbital significantly delays intestinai
visualization of Tc-99m DISIDA compared to un-
treated controls (p < 0.01). Morphine further de-
layed intestinal visualization of Tc-99m DISIDA
{p < 0.001). Neither Nembutal nor Morphine had
any effect on intrahepatic biliary kinetics. A dra-
matic contrast was observed by ketamine admin-
istration which accelerated both intrahepatic
and extrahepatic billary kinetics.

Discussion

Delayed bilfary to bowel-transit time of T¢c-99m
DISIDA after administration of narcotic drugs
(morphine, meperidine) has been well docu-

mented.?*?* Therapeutic doses of morphine pro-
duce a characteristic increase in the biliary pres-
sure which may exacerbate the pain in patients
with a biliary colic, with radiographic and man-
ometric evidence of a spasm at the lower end of
the common bile duct (sphincter of Oddi). Our
experimental data confirm morphine-induced al-
terations in extrahepatic phase of the biliary
transit time, with a delayed appearance of Tc-
99m DISIDA in the duodenum (237.5 + 28.2
min.) compared with the control values (43.8 %
14.0). This, five times longer arrival time of Tc-
99m DISIDA in the small intestine without al-
tered liver peak activity and a half-time or gall-
bladder visualization and peak activity is con-
sistent with the data of the opiate-induced con-
striction of the extrahepatic biliary ducts.?®
Effects of barbiturates on the gastrointestinal
tract are characterized by a decreased tonus of
gastrointestinal musculature and contraction
amplitudes. The effect of barbiturates on the
hepatobiliary kinetics is still an area of contro-
versy. Phenobarbital has been shown to facili-
tate choleresis and in patients with cholestasis.
Phenobarbital-induced choleresis has not been
observed with other barbiturates. The effect of
phenobarbital on the canalicular bile flow has
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TABLE |

HEPATOBILIARY KINETICS OF Tc-99m DISIDA
IN DOGS AFTER ADMINISTRATION OF
SEDATIVE, ANESTHETIC OR NARCOTIC AGENTS
(mean +- S.E.)

n==6 Control Ketamine  Nembutal Morphine
Liver

Peak Activity 8.0 += 1.1 37 +- 03 &5 +~- 08 8J +- 08
Liver

Haif-time 310 +- &1 134 +- 11 294 +~ 23207 +- 18
Gall Biadder

Visualization 9.0 +- 0.9 33 +- 02 120 +- 21 85 +- 08
Gall Bladder

Peak Activity 38.3 +~ 5.3 18.5 +- 2.2 38.1 +- 4.0 373 +- 38
Intestinal

Visualization 43.8 +- 14.0 18.3 +- 6.2 140.2 +- 12.3 2375 +- 28.2

INTESTINAL VISUALIZATION
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Fig. 5. Intestinal visualization of Tc-99m DISIDA after the
administration of ketamine, nembutal or morphine.

been postulated as a consequence of increased
bilirubin conjugation and excretion by its action
on hepatic microsomal enzymes,?® but this hy-
pothesis has been challenged by the observations
that pentobarbital increases bile flow without
inducing hepatic microsomal enzymes, and sev-
eral enzymes-inducers did not cause an increase
in the bile flow.?”

Recent studies®”?® support the view that phen-
obarbital-induced hypercholeresis is principally
due to its effect on canalicular membranes likely
Na+/K+ ATP-ase, rather than its effect on the
activity of the hepatic microsomal enzymes. The
controversy over barbiturate action on the he-
patobiliary dynamics is still being evaluated.

In our experiments we have not observed any
effect of a single therapeutic dose of pentobar-
bital on intrahepatic biliary kinetics, while extra-
hepatic biliary flow has been adversely affected
by pentobarbital administration with a three-fold
delay in the intestinal visualization of Tc-99m
DISIDA (p < 0.01). These findings are in a sharp
contrast with the results of other authors?? who
observed an increase in bile flow 12 hours after
a single Intraperitoneal injection of phenobarbi-
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Fig. 6. Anterior sequential images (3 min intervals) of Tc-99m
Dlsmamtbebepnwuunrymdmeeonmldoﬂ.
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Fig. 7. Anterior sequential images of delayed gallbladder emp-
tying after morphine administration.

tal, reaching maximum at 18 hours and return-
ing to control values 72 hours after administra-
tion.

In our experimental design the transit time of
Tc-€9m DISIDA was studied in an early phase

Miiitary Medicine. Vol. 151, July 1986
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after drug administration and this might account
for disparate findings on barbiturate hepatobili-
ary action. Other authors have not observed al-
terations in biliary excretion of indocyanine
green, but did observe enhanced biliary excretion
of eosine in phenobarbital-pretreated rats.?®
These data were viewed as an accelerated trans-
port of nonmetabolized compounds from the he-
patocytic phase to biliary canaliculi by the effect
of phenobarbital. In these experiments the bili-
ary flow was enhanced in phenobarbital pre-
treated rats as compared to the controls.

In our experiments we were not able to observe
any significant effect of a single intravenous
therapeutic dose of pentobarbital on intrahepatic
biliary transit time of Tc-99m DISIDA. Gallblad-
der visualization and peak activity of Tc-99m
DISIDA were also unchanged after pentobarbital
administration. whereas the intestinal visualiza-
tion was significantly delayed (p < 0.01). Our
experimental protocol was different from the
conventional protocols used in clinical trials of
phenobarbital-induced enhancement of biliary
excretion of IDA derivatives, where phenobarbi-
tal is administered in a dose of 5 mg/kg/day for
5 days prior to scintigraphic examination.*” Al-
though a difference in the experimental protocols
can explain certain disparity in the results of
various authors, our findings are in contradiction
with the conventional data on barbiturate-in-
duced hepatobiliary alterations and contribute to
already existing controversy.

Effects of ketamine on hepatobiliary kinetics
have not been reported in the literature. Clinical
and experimental use of arylcycloalkylamines in
inducing dissociative anesthesia has not been
associated with alterations of intrahepatic or ex-
trahepatic biliary kinetics. Our results demon-
strate a dramatic effect of ketamine on the proc-
esses of both intra and extrahepatic biliary flow.
These observations warrant a cautious interpre-
tation of hepatobiliary studies after administra-
tion of anesthetic, sedative or narcotic drugs.
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We studied the dose-response relationship between gamma radiation and batrachotoxin-stimulated sodium
influx in neuroblastoma cells in tissue culture. We also tested the hypothesis that changes in sodium channel
conformation may alter the radiosensitivity of the channel. We found that gamma radiation inhibited
toxin-stimulated **Na uptake at doses beyond a threshold of 200-300 Gy. No effects were seen following
doses below 100 Gy. This inhibition of sodium permeability was seen when the cells were irradiated with
sodium channels in the closed or inactivated, nonconducting states. However, when the channels were in the
toxin-opened, conducting state, gamma radiation had no effect at doses up to 2000 Gy. Our results support
earlier electrophysiological studies that showed that high doses of ionizing radiation are required to produce
a measureable decrease in sodium permeability. In addition, our data suggest that by changing the sodium
channel conformation, batrachotoxin appears to alter radiosensitive chemical bonds in the gating or

ion-conducting portion of the channel.

Introduction

Both chemical and physical agents can be use-
ful in demonstrating structural and functional
properties of biological membrane macromole-
cules. In differentiated post-mitotic cells, such as
neurons, alterations of proteins by ionizing radia-
tion may have greater immediate functional conse-
quences than does disruption of nucleic acids.
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address): Emory University School of Medicine, Depart-
ment of Neurology, 401 Woodruff Memorial Research
Bldg.. Atlanta, GA 30322, U.S.A.

** Present address: Unit of Physiology, Faculty of Health
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Abbreviations: Hepes. 4-(2-hydroxyethyl)-1-piperazineethane-

sulphonic acid; Tris, 2-amino-2-hydroxymethylpropane-1,3-

diol.

Enzymes vary considerably in the extent to which
they are inactivated by ionizing radiation [1], and
other protein species are likely to show a similar
spectrum of radiosensitivity. A large body of bio-
physical data exists showing that voltage-sensitive
sodium channels are inactivated by ultraviolet
radiation at doses that do not affect potassium
channel function [2-4]. One might expect that
ionizing radiation, comprising a higher energy
spectrum than does ultraviolet radiation, may in-
teract with integral membrane proteins in a differ-
ent way than does ultraviolet radiation. Few stud-
ies, however, have used cellular biophysical tech-
niques to study the effects of ionizing radiation on
neuronal ion channels. Schwarz and Fox [3] re-
ported that monochromatic X-rays. at doses in
excess of 100 Gy (1 Gy = 100 rads). selectively
reduce sodium currents in isolated frog sciatic
nerves under voltage-clamp. At no dose did they
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find an effect that could underlie neuronal excita-
tion earlier reported as a consequence of ionizing
radiation (reviewed in Ref. 6). They suggested that
earlier studies reporting an increase in excitability
in isolated nerve preparations might be explained
by injury currents. Wixon and Hunt [7], studying
sodium fluxes in isolated rat brain synaptosomes,
found that high-energy electrons decreased sodium
uptake beginning at doses as low as 0.5 Gy.

The purpose of these studies was two-fold. First,
we wished to establish a dose-response relation-
ship between gamma radiation and sodium influx
through voltage-dependent channels to see if the
radiosensitivity reported by Wixon and Hunt [7] is
present in a whole-cell preparation. Second, we
investigated whether the conformational state of
the channel could influence its radiosensitivity.

Materials and Methods

Tissue culture

Cells from the neuroblastoma clone N18 were
grown in Dulbecco’s modified Eagle medium
(GIBCO) supplemented with fetal bovine serum
(10% v/v). The cells were seeded into 24-well
cluster trays and, after 1 or 2 days, were fed
medium plus 0.5% fetal bovine serum (GIBCO)
and 1 mM dibutyryl cAMP (Sigma). Without this
latter treatment, cells grew rapidly to confluency
and began to slough from the well bottoms. In the
presence of dibutyryl cAMP, a drug which induces
electrophysiological and morphological differenti-
ation [8], the cells divided more slowly and ad-
hered well to the trays. Cells were then used for
experiments after growing in the presence of di-
butyryl cAMP for 3-4 days, at which time they
had formed a confluent, adherent monolayer.

Irradiation

N18 cells in the cluster trays were washed three
times with Dulbecco’s phosphate-buffered saline
(GIBCO, pH 7.3) (normal saline) and allowed to
incubate in either normal saline or other test solu-
tions (described in Results) for 30 min prior to
and during irradiation. [rradiation was done in the
cobalt-60 facility of the Armed Forces Radiobi-
ology Research Institute at constant dose rates
whenever possible. For wide dose ranges that in-
cluded doses below 100 Gy, two different dose

rates were required. The facility contains approx.
100000 Ci of ®*Co in 104 separate elements. Un-
ilateral dose rates of 0.01-25 Gy/min and bi-
lateral dose rates of 0.08-57 Gy/min can be ad-
ministered with error bounds of +5%. Dosimetry
was done using tissue-equivalent ion chambers
and thermoluminescent dosimeters within the wells
of the plastic trays.

Sodium flux assay

We used, with slight modifications, the meth-
ods developed by Catterall [9,10]. Cells were in-
cubated for 60 min at 26°C in toxin-incubation
medium comprising 1354 mM KCl, 50 mM
Hepes-Tris (pH 7.4), 5.5 mM glucose, 0.8 mM
MgSO, 1 g/1 bovine serum albumin, and various
concentrations of batrachotoxin (kindly supplied
by Dr. John W. Daly, NIAMDD, National In-
stitutes of Health, Bethesda, MD). This medium
allows the toxin to reach equilibrium with the
receptor site without altering ion gradients. The
toxin-containing medium was removed and the
cells were rinsed twice in 15 s using a standard
medium consisting of 5.4 mM KCl, 130 mM N-
methyl-D-glucamine, 50 mM Hepes (pH 7.4), 5.5
mM glucose and 0.8 mM MgSO,. The cells were
then incubated for 30 s in assay medium con-
taining 5.4 mM KCl, 120 mM N-methylgluca-
mine, 10 mM NaCl, 5 mM ouabain, 50 mM
Hepes, 5.5 mM glucose, 0.8 mM MgSO, and 1
1Ci/ml *NaCl. Because of the very slow dissoci-
ation rate of batrachotoxin, it was not necessary
to include the toxin in the assay medium [11].
Under these conditions the initial rates are mea-
sured with the sodium pump inhibited and the
membrane potential held constant. The uptake
was then terminated by washing the cells three
times with a stop solution containing 163 mM
N-methyl-D-glucamine, 5 mM Hepes, 5.5 mM glu-
cose, 0.8 mM MgSO, 1.8 mM CaCl, and 3 uM
tetrodotoxin (Sigma). This medium allows the ex-
tracellular *Na to be removed under conditions
that stop influx and prevent efflux of **Na. The
cells were then solubilized in 0.5% Triton X-100 in
water, and the radioactivity of the solubilized cell
samples was determined in a liquid scintillation
counter.

Proteins were determined from three separate
wells per tray using the Bio-Rad protein assay.



Our choice of 30 s uptake assay time was justified
by initial experiments that confirmed that the rate
of *Na influx remained linear for more than 2
min. Nonspecific Na uptake was measured as the
uptake in cells without batrachotoxin. This was
not significantly different from the uptake in 3
uM tetrodotoxin, without batrachotoxin. The ra-
tionale for using the above solutions has been
reviewed by Catterall [9)].

Results

Barrachoroxin-stimulated Na influx

The influx of sodium that resulted from activa-
tion of the sodium channels by batrachotoxin was
reproducible from experiment to experiment and
agreed with the results published by Catterall
[9.12]. Fig. 1 shows the effect of batrachotoxin on
initial rates of *Na uptake in unirradiated cells.
The data were pooled from three different experi-
ments performed during a 3-month period. Each
experiment was normalized to the response ob-
tained in the presence of 1 uM batrachotoxin.
Since the rate of **Na influx is directly proper-
tional to the fraction of sodium channels activated
by batrachotoxin, as shown by Catterall [12], the
relationship between the rate of uptake and toxin
concentration can be described by a modified
Michaelis-Menten equation of the form:

0= Vo (14 Ky /)

where v is the rate of **Na uptake at various toxin
concentrations (x) and is linearly proportional to
the fraction of activated sodium channels; V, , is
the maximum rate of Na uptake at infinite toxin
concentration; and K is the toxin concentration
at half-maximum uptake and reflects the degree of
binding or affinity of the toxin to its binding site.
The pooled data in Fig. 1 were well fit by this
equation; the calculated values of V. and K,
were 127 nmol /mg protein per min and 0.54 uM,
respectively. This toxin dose-response relationship
is quantitatively similar to that reported by Cat-
terall {9,12].

Radiation dose-response relationship
There was considerable variability from experi-
ment to experiment in the degree to which sodium
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Fig. 1. Dose-response relationship between batrachotoxin con-
centration and *?Na uptake. Data were pooled from three
separate experiments. The data were normalized as a percent
of the response obtained with 1 pM batrachotoxin in each
experiment (this point is termed control). Each point is the
average of measurements from three separate wells at that
batrachotoxin dose. The curves were fitted to a modified
Michaelis-Menten equation using a computer-generated least-
squares method (R?=098). The calculated values of the
parameters V.. and K were 127 nmol/mg protein per min
and 0.54 pM, rspectively (mean value of v at 1 pM
batrachotoxin was 91 nmol/mg protein per min; V, .. as a
percent of the control value, was 137).

x

influx was inhibited by gamma irradiation. Such
experiment-to-experiment variability in the effects
of 1omzing radiation has been noted by other
investigators (e.g.; Ref. 13), indicating the impor-
tance of using each set of cultures as its own
non-irradiated control. Within a given set of cul-
tures used for any one experiment, results from
triplicate sets of wells were consistent. No effect
of radiation was found at doses below 100 Gy.
Consistent reduction in maximum Na influx was
seen only after doses above 200 Gy. Fig. 2 shows
the reslts of 10 separate experiments, done on
different cultures on different days, from which
the data have been pooled. Within each experi-
ment, for a given condition, measurements from
three separate wells were averaged. In order to
pool these averages, data from a range of radia-
tion doses were combined. This was because all
experiments did not share the same radiation dose
sequence. Thus, for example, data from radiation
doses between 200 and 600 Gy were combined. In
these experiments the uptake induced by 1 uM
batrachotoxin was compared for various radiation
doses from 100 to 3000 Gy. Uptake at doses
below 200 Gy was not significantly different from
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Fig. 2. Dose-response relationsohip between gamma-radiation
and *?Na uptake. Both the batrachotoxin-stimulated (@) and
the non-specific (a) *Na influx at various radiation dose
ranges are shown. For batrachotoxin-stimulated flux, data
were normalized and pooled from 10 different experiments in
the manner described in Fig. 1. In addition, responses obtained
over a range of radiation doses were pooled as follows (dose
range and number of experimental averages pooled): 0 Gy,
n=9;10-100 Gy, n = 4; 200-600 Gy, n =10; 800-1200 Gy,
n =7 1600-2000 Gy, n =5; 2800-3200 Gy, n=S5. The non-
specific uptake, pooled as above (for above dose ranges: n =9,
5, 18, 8, 4, 4, respectively), was not normalized and is shown as
initial rate of uptake. Each point represents the mean and
standard error of the mean of the average uptakes pooled over
the indicated dose ranges. The curve for the batrachotoxin-
stimulated uptake data is a non-linear least-squares fit to the
equation y =100 e'~*/%) where k was computed as 2900 Gy
(R?*=0.99). The radiation dose rates for these and all experi-
ments shown in subsequent figures were similar; between 66
and 67 Gy/min.

control uptake. Thereafter, there was a progressive
fall in Na influx as an exponential function of
increasing doses of gamma radiation. As shown
also in Fig. 2, there was no significant increase in
the nonspecific (leak) influx of **Na at doses up
to 3000 Gy.

It 1s possible that radiation may alter the affin-
ity of batrachotoxin for the sodium channel. If so,
then the apparent inhibition of *?Na uptake could
simply reflect this loss of toxin affinity rather than
an effect on the channel. To assess this possibility
we examined the dose-response relationship be-
tween batrachotoxin and *Na uptake at various
radiation doses. As shown in the experiment of
Fig. 3, the predominant effect of irradiation was a
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Fig. 3. Dose-response relationship between batrachotoxin con-
centration and **Na influx in irradiated cells (®) and non-
irradiated controls (O). Each data point represents the mean
and standard error of the mean of measurements from three
different wells for each batrachotoxin dose at each radiation
dose (0 and 1500 Gy). The curves were fit by the equation
described in Fig. 1 (R*>> 0.9 for each curve). The calculated
values of the parameters ¥, and K, were respectively: 112
nmol /mg protein per min and 0.45 pM for the control curve;
38 nmol/mg protein per min and 0.14 pM for the data from
irradiated cells.

Na Uptake (nmol/mg min)

depression of the maximum rate of sodium uptake
(Vinax)- The apparent affinity (reflected by K,,) of
batrachotoxin for its receptor was not reduced; in
fact, the curves were consistently shifted to the
left.

Effect of channel conformation on radiosensitivity
To study the effect of channel conformation on
radiosensitivity, N18 cells were irradiated under
three conditions. In one group, the cells were
irradiated in normal saline. Under this condition,
the transmembrane potential 1s sufficiently nega-
tive so that as many as 20% of the sodium chan-
nels are in the closed state [14,15]; the rest are
inactivated. Cells in the second group were irradi-
ated in high K*-saline (the toxin-incubation
medium without batrachotoxin). Under this con-
dition, the cells are depolarized to close to 0 mV
transmembrane potential and virtually all the
channels are in the inactivated state. The third
group was irradiated in the presence of
batrachotoxin in the toxin-incubation medium
(high K*). Most of the channels under this condi-
tion are activated and remain in the toxin-mod-



ified open state [11,16]. In addition, in some
experiments cells were incubated in the presence
of 50 pM N-bromoacetamide to remove channel
inactivation. The drug acts at a different site than
does batrachotoxin and inhibits fast inactivation
with little effect on activation [17,18]. That
N-bromoacetamide had an effect from the outside
of the membrane was shown in preliminary
experiments showing a 40% greater maximum up-
take achieved with N-bromoacetamide plus batra-
chotoxin compared with uptake in the presence of
batrachotoxin alone. The experiments were done
as described in Materials and Methods except that
during the 30 min prior to and during irradiation
the cells were incubated in either normal saline,
high K "-saline, toxin-containing medium with or
without N-bromoacetamide, or N-bromoaceta-
mide in normal saline. Immediately following
irradiation, for those cultures not containing
batrachotoxin, the uptake assay was carried out as
outlined in Methods. For the cultures that con-
tained toxin during irradiation, the toxin-incuba-
tion step was omitted, and the uptake assay was
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Fig. 4. Dose-response relationship between radiation dose and
22Na uptake under different incubation conditions. Data were
obtained from two separate experiments. Within each experi-
ment cells were irradiated either in the presence of
batrachotoxin, 1 pM, in toxin-incubation medium (O, @), in
toxin-incubation medium (high K* ) without batrachotoxin (a,
), or in normal saline (not shown). After irradiation, the
latter two groups of cells were incubated for 60 min in 1 uM
batrachotoxin before uptake assay, as described in Methods. In
order to compare the results obtained under these different
conditions, data from each group were normalized as a pcrcent
of the uptake in the absence of radiation.
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begun immediately following irradiation by wash-
ing with the standard medium and proceeding as
described in Methods. Thus, for all groups, the
toxin-incubation periods were the same.

The effect of radiation on cells with sodium
channels in the different conformational states is
shown in Fig. 4. The cells in wells containing
toxin-free normal saline (data not shown) or
toxin-free high K *-saline showed the typical
dose-dependent inhibition of **Na influx begin-
ning at doses of about 200 Gy. In contrast, the
cells in wells containing batrachotoxin during
irradiation were remarkably resistant to this ef-
fect. No significant inhibition of **Na influx was
seen up to doses in excess of 2000 Gy. Addition of
N-bromoacetamide to normal saline during irradi-
ation did not alter the radiosensitivity, and when
N-bromoacetamide was added to batrachotoxin
during irradiation, there was no change in the
protection afforded by batrachotoxin alone.

Discussion

Our results agree with earlier studies that con-
cluded that ionizing radiation causes reduction in
neuronal excitability by blocking voltage-sensitive
sodium channels. The dose required to reach a
threshold effect was of the same order of magni-
tude as that found using electrophysiological tech-
niques (reviewed in Ref. 6). Thus, Gaffey [19]
found that 1600-2000 Gy of 200-kV X-rays were
required to attenuate the amplitude of maximal
action potentials in isolated frog sciatic nerves.
The duration of the compound action potential,
however, increased beginning at doses of 100-200
Gy. In the same preparation under voltage clamp,
Schwarz and Fox [5] found that a threshold dose
of 80 Gy of monochromatic and 100 Gy of con-
tinuous-spectrum X-irradiation was required be-
fore peak sodium currents were decreased. We
could not confirm the results of Wixon and Hunt
[7], who found that high-energy electrons decreased
the veratridine-stimulated uptake of sodium in rat
brain synaptosomes at doses as low as 0.5 Gy.
Perhaps this difference in radiosensitivity can be
explained by an absence of cellular protective and
repair mechanisms in synaptosomes.

What may explain the striking degree of radio-
protection afforded by the presence of
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batrachotoxin during irradiation? It is unlikely
that such a small amount of toxin could have a
significant ‘quenching’ effect. It is possible that
irradiation prevents the binding of batrachotoxin
to the sodium channel complex. If so, then these
experiments would suggest that bound toxin con-
fers protection against subsequent irradiation. We
believe, however, that the reduction in sodium
uptake is not due to effects on toxin binding. If
binding were reduced but not completely blocked,
there might be measurable alteration in the affin-
ity of the toxin for its binding site. However, from
dose-response curves of batrachotoxin versus 2> Na
uptake at different radiation doses, such as those
of Fig. 3, we found that the maximum rate of
*2Na uptake (V,,,, ) was affected to a much greater
extent than was the affinity of batrachotoxin for
its binding site (where affinity is inversely related
to the parameter (K, ). Furthermore, radiation
slightly lowered the value of K, thereby suggest-
ing a slight increase rather than a decrease in the
affinity of the toxin toward its binding site. If
radiation were to prevent the binding of batra-
chotoxin in an all-or-none manner, there would be
a decrease in V,,, indistinguishable from that
caused by disruption of the ion-conduction sub-
units of the sodium channels; but direct measure-
ment of sodium current by voltage-clamp, for
which batrachotoxin is not required, showed that
radiation specifically inhibits the sodium conduc-
tance [5]. We therefore hypothesize that during the
conformational change induced by batrachotoxin,
certain radiosensitive chemical bonds undergo a
transition to a more radioresistant state. In volt-
age-clamp studies of the effect of ultraviolet radia-
tion on sodium channels of frog nodes of Ranvier,
Hof and Fox [20] obtained results similar to our
observations. Sodium channels appeared least sen-
sitive to ultraviolet light flashes applied shortly
after a depolarizing step from a hyperpolarized
prepotential. At that time, most of the sodium
channels were in the open, non-jnactivated state.
Although specific molecules, such as tyrosine
and tryptophan, appear to be involved in ultra-
violet photoreaction of the voltage-dependent
sodium channel [21], there have been no studies to
implicate particular molecular species in the inter-
action of ionizing radiation with the channel. The
inhibition of sodium conductance by ultraviolet

radiation appears sufficiently different from the
process by which ionizing radiation interacts with
the channel that extrapolation is not possible. For
example, Schwarz and Fox [5] found that blocking
of sodium conductance by ionizing radiation oc-
curred after a delay of about 10 min and after a
threshold dose of 80 Gy. In contrast, the effect of
ultraviolet radiation had no threshold and was of
immediate onset. This suggests that whereas ultra-
violet radiation reacts directly with sensitive mole-
cules of the sodium channel [2-4], ionizing radia-
tion may indirectly react with the channel through
multiple photon interactions or the formation of
free radicals [5].

Further studies of the radiosensitivity of the
sodium channel may lead to an understanding of
which chemical structures are involved in the loss
of function and may provide additional knowl-
edge of the nature of sodium channel structure-ac-
tivity relationships.
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Summary

Ethanol, like other general anesthetics, probably acts through
an interaction with excitable membranes. When ethanol is present in
membranes, the lipid structure of membranes is disordered. This
effect can lead to alterations in functional entities that require a
particular lipid environment. Sodium channels, requiring such an
enviroment, have been studied for their sensitivity to ethanol. In
synaptosanes, ethanol in vitro reversibly inhibits sodium influx
stimulated by batrachotoxin or veratridine in concentrations
equivalent to those found in animals during ethanol intoxication.
Only the maximum stimulation of the toxins is altered by ethanol.
The potencies of aliphatic alcohols are directly related to their
lipid solubilities. Acute and chronic ethanol administration reduces
the effectiveness of ethanol in vitro. This tolerance dissipates
after a single dose of ethanol as it is eliminated from the body.
However, after 4 days of ethanol treatment, the tolerance lasts for
over 20 days. These data suggest that ethanol might disrupt one of
the basic processes of neural function by acting directly on the
environment of the sodium channel. The channel appears to be able to
adapt to the presence of ethanol through the induction of tolerance.

The site of action of aliphatic alcohols, like other general anesthetics,
is believed to be electrically excitable membranes in the brain (11). About
the turn of the century, studies with alcohols were undertaken that led to the
formulation of the Meyer-Overton principle that states that the potencies of
general anesthetics are directly proportional to their lipid solubility. This
is a reasonable concept especially for alcohols since they have simple
molecular structures that probably preclude them from interacting with
specific receptors on membranes and have both lipophilic and hydrophilic
properties.

Because of their lipophilic properties, alcohols dissolve into membranes
and disorder the lipid structure. Lipid disordering has been demonstrated by
both  electron paramagnetic resonance spectroscopy and  fluorescence
spectrametry (5, 9). Alcohols have their greatest disordering effect deep in
the membrane where it is most lipophilic. If the temperature of a membrane
preparation is reduced or cholesterol is added to the membrane to make it more
rigid, the disordering effect of alcohols is less (46). Since the lipid in
membranes 1is largely structural, the significance of alcohol-induced
disordering is probably related to the processes that require a lipid environ-
ment for optimal activity.

Neuronal membranes contain functional entities that control the
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excitability of the cell, including ion channels and various enzymes. Action
potentials are generated and propagated through the movement of ions across
the membrane. Based on the classic experiments of Hodgkin and Huxley (10), the
action potential is initiated by an initial depolarization of the membrane
involving the inward movement of sodium ions. These ions move through specific
channels that are gated and open and close in response to physiological
conditions.

Electrophysiological experiments, mostly in invertebrates, have suggested
that ethanol inhibits the transient inward movement of sodium ions and reduces
the height of the action potential in neurons that are stimulated (1, 2, 12).
However, high concentrations of alcohols are required to induce these effects.
However, when electrically stimulated brain slices are incubated with 105 mM
ethanol, uptake of sodium into intracellular spaces is reduced (17).

Over the last few years the molecular properties of sodium channels have
been extensively characterized in synaptoscmes and cultured neurons. With this
information it has been possible to examine the direct interactions of
alcohols, as well as other drugs, with these channels. The sodium channel is a
glycoprotein with multiple polypeptide subunits and traverses the neuronal
membrane (4). Through experiments with purified sodium channels reconstituted
in artificial membranes, it has heen found that the channels have an absolute
requirement for the presence of lipid for nommal activity (16).

Three functional sites have been identified based on the actions of a
number of neurotoxins derived fram a variety of animal and plant sources (3).
Site I binds water-soluble drugs such as tetrodotoxin and saxitoxin that block
the inward movement of sodium into neurons and is located on the membrane
surface. Site II binds lipid-soluble drugs such as batrachotoxin and
veratridine that activate sodium channels and promote the inward movement of
sodium. These sites are located in the lipid core of the membrane. And Site
III binds drugs such as scorpion venom and sea anemone toxin that facilitate
the actions of the drugs that act on Site II but have no activity alone.

Using a synaptosamal preparation all of the functional properties of the
sodium channel can be determined through measurements of radiolabeled sodium
influx. The synaptosomes are preincubated in sodium-free medium with or
without added alcohols, then stimulated with batrachotoxin or veratridine.
Blanks include tetrodotoxin to block the actions of the neurotoxins and
measure passive movements of sodium.

Ethanol in vitro reversibly inhibits sodium uptake stimulated by both
batrachotoxin and veratridine in a dose-dependent manner (7, 13, 14). No
effect of ethanol on passive sodium uptake can be seen., The IC50 values are
583 mM for batrachotoxin and 345 mM for veratridine. The concentrations
required to inhibit uptake (50-600 mM) parallel those associated with
hehavioral intoxication. In addition, the effect could be observed only when
the duration of the incubation is 5 sec or less. When different short-chain
aliphatic alcohols are tested, their potencies to inhibit neurotoxin-stimu-
lated uptake are directly related to their lipid solubilities.

Ethanol inhibits only the maximum sodium uptake induced by different
concentrations of neurotoxins (14). There is no apparent competition of
ethanol for neurotoxin binding sites. The specificity of the action of ethanol
on the sodium channel was examined by measuring the effect of ethanol on
saxitoxin binding, as an indicator of Site I function and enhanced neurotoxin-
stimulated sodium uptake in the presence of scorpion toxin, as an indicator of
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Site IIT function. Concentrations of ethanol as high as 400 mM have no effect
on saxitoxin binding or the ability of scorpion toxin to enhance neurotoxin-
stimulated sodium uptake (14, 15). This suggests that ethanol acts at Site II
in the lipid core of the membrane where ethanol has its greatest disordering
effect. Studies using batrachotoxin binding to assess Site II function are
currently underway in our laboratorv.

The responsiveness of the sodium channel to acute and chronic ethanol
administrationiig vivo has been examined (15). Single doses of ethanol imduce,
in a dose-dependent manner, a rapidly developing tolerance to ethanol added to
synaptosomes in vitro, although no effect is found in neurotoxin-stimulated
sodium uptake 1in” the absence of added ethanol. This tolerance is found only
while ethanol is present in the blood. After a 4.5 g/kg oral dose of ethanol,
the maximun tolerance is observed 6 hours after treatment, but by the time the
ethanol is eliminated, in about 24 hours, the tolerance has dissipated.

When animals are rendered behaviorally tolerant and physically dependent
on ethanol, sodium channel function is also altered. After four days of
ethanol administration, neurotoxin-stimulated sodium uptake in the absence of
added ethanol is reduced for at least 5 days after withdrawal. By 10 days,
uptake has returned to control values. When ethanol 1is added to the
synaptosomal preparation derived from tolerant and dependent animals,
significant tolerance is seen to the usual inhibitory effect of ethanol.
Unlike that observed after a single dose of ethanol, the tolerance lasts over
20 days and dissipates by 35 days after withdrawal.

Fthanol can clearly inhibit neurotoxin-stimulated sodium uptake into
synaptosomes, an effect that can be modified by animals having prior exposure
to ethanol. Because this inhibitory effect of ethanol is observed at
concentrations in vitro equivalent to those found in vivo after ethanol
administration, it is tempting to conclude that alterations in sodium uptake
accompanying neuronal depolarization play a role in the depressant effect of
ethanol. This may reflect a reduction in the number of functional sodium
channels.,

As stated earlier, ethanol disorders the lipid structure of excitable
nmembranes and the lipid enviromment is important to the normal functioning of
the sodium channel. Recent experiments have found that there is a direct
correlation between the disordering effect of various membrane perturbing
agents and their ability to inhibit neurotoxin-stimulated sodium uptake (8).
Consequently, the presence of ethanol in membranes may disturb the microenvi-
rorment of the sodium channel in a way that prevents the channel from opening
and closing at the proper times. This may impair the ability of the neuron to
generate effective action potentials.

The role of sodium channels on the development of tolerance and physical
dependence is not clear. Acute and chronic ethanol treatment can alter the
responsiveness of the channels to ethanol added in vitro. Whether this action
of ethanol treatment contributes to hehavioral tolerance or dependence will
await further research.
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Abstract: The effect of ionizing radiation on neuronal
membrane function was assessed by measurement of
neurotoxin-stimulated 2Na* uptake by rat brain synap-
tosomes. High-energy electrons and vy photons were
equally effective in reducing the maximal uptake of 2?Na*
with no significant change in the affinity of veratridine for
its binding site in the channel. Ionizing radiation reduced
the veratridine-stimulated uptake at the earliest times
measured (3 and 5 s), when the rate of uptake was
greatest. Batrachotoxin-stimulated ?Na* uptake was
less sensitive to inhibition by radiation. The binding of
[*Hlsaxitoxin to its receptor in the sodium channel was
unaffected by exposure to ionizing radiation. The effcct
of ionizing radiation on the lipid order of rat brain syn-
aptic plasma membranes was measured by the fluores-

cence polarization of the molecular probes 1,6-diphenyl-
1,3,5-hexatriene and 1-[4-(trimethylammonium)phenyl]-
6-phenyl-1,3,5-hexatriene. A dose of radiation that
reduced the veratridine-stimulated uptake of 22Na* had
no effect on the fluorescence polarization of either probe.
These results demonstrate an inhibitory effect of ionizing
radiation on the voltage-sensitive sodium channels in rat
brain synaptosomes. This cffect of radiation is not depen-
dent on changes in the order of membrane lipids. Key
Words: lonizing radiation—Sodium channels—Mem-
brane fluidity-—Fluorescent probes—Neuronal mcm-
branes. Mullin M. J. et al. Ionizing radiation alters the
properties of sodium channels in rat brain synaptosomes.
J. Neurochem. 47, 489—-495 (1986).

Exposure to ionizing radiation has a complex ef-
fect on the CNS, an effect that depends on the dose
delivered and time elapsed after radiation expo-
sure. In the whole animal, exposure to low to mod-
erate doses (50-400 rad) of radiation produces?a
conditioned taste aversion in rats (Smith, 1971;
Rabin et al., 1982), a reduction in the threshold for
electrically induced seizures (Rosenthal and Ti-
miras, 1961; Pollack and Timiras, 1964; Sherwood
et al., 1967), and changes in the electroencephalo-
gram of rabbits (Minamisawa and Tsuchiza, 1977).
Doses of radiation in the range of 1,000-1,500 rad
produce arousal in rats (Kimeldorf and Hunt, 1965)
and increased locomotor activity in mice (Mickley
et al., 19834,b). Radiation doses of >10,000 rad de-
press the CNS, and the irradiated animals demon-
strate lethargy, disorientation, ataxia, reduced lo-
comotor activity, and an inability to avoid shock

(Casarett and Comar, 1973; Mickley and Teitel-
baum, 1978; Bogo, 1984).

The mechanisms of radiation-induced changes in
CNS function are largely unknown. Neurochemical
studies have demonstrated a reduction in brain cy-
clic nucleotide levels (Hunt and Dalton, 1980) and
increases in high-affinity choline uptake and K-
stimulated dopamine release (Hunt et al., 1979)
after exposure to 5,000—10,000 rad. In addition, B-
endorphin like-immunoreactivity is reduced in the
brain after 1,500 rad (Mickley et al., 19834,b).

Electrophysiological studies of the effects of ion-
izing radiation have yielded conflicting results. Sev-
eral studies have reported a temporary enhance-
ment of neuronal excitability at doses of <10,000
rad (Bachofer and Gautereaux, 1960; Bachofer,
1962), whereas others have reported no change in
the amplitude or rate of rise of the action potential,
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conduction velocity, or membrane resistance at ra-
diation doses of <10,000 rad (Gerstner and Orth,
1950; Gasteiger and Campbell, 1962). Higher doses
of radiation have usually been reported to reduce
neuronal excitability.

In many cells, DNA has been shown to be the
primary target for ionizing radiation. However, in
the mature, postmitotic CNS, radiation-induced
changes in the structure and function of neuronal
membranes may be the site of action. The interac-
tion of ionizing radiation with water is known to
produce a variety of reactive products, including
hydroxyl and hydrogen radicals, hydrated elec-
trons, hydrogen peroxide, and superoxide radicals
(Okada, 1970). The reactive products of water can
then interact with membrane lipids or proteins, re-
sulting in lipid peroxidation or oxidation of sulfhy-
dryl groups (Edwards et al., 1984). Structural modi-
fication of membrane components would be ex-
pected to cause changes in the functional properties
of membranes.

We have examined the effect of ionizing radiation
on the properties of voltage-sensitive sodium
channels in rat brain synaptosomes. Neuronal so-
dium channels were studied, because they are be-
lieved to be involved in the control of neuronal ex-
citability (Catterall, 1984) and because the func-
tional properties of these channels are sensitive to
perturbations of the lipid and protcin components
in the membrane microenvironment (Baumgold,
1980; Saum et al., 1981; Harris and Bruno, 1985q).

MATERIALS AND METHODS

Materials

Scorpion venom (SV; Leiurus quinquestriatus), tetro-
dotoxin (TTX), and veratridine were purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Batracho-
toxin (BTX) was kindly supplied by Dr. John Daly (Labo-
ratory of Bioorganic Chemistry, National Institute of Ar-
thritis, Metabolism, and Digestive Diseases, National In-
stitutes of Health, Bethesda, MD, U.S.A.). Carrier-free
22NaCl was obtained from New England Nuclear
(Boston, MA, U.S.A)); [FHlsaxitoxin (STX) with a spe-
cific activity of 9.3 Ci/mmol and a radiochemical purity of
50% was a generous gift from Dr. Stephen Davio (Patho-
physiology Division, U.S. Army Research Institute of In-
fectious Diseases, Fort Detrick, Frederick, MD, U.S.A.).
Fluorescent probes were obtained from Molecular
Probes, Inc. (Junction City, OR, U.S.A.). All other
chemicals were obtained from commercial sources and
were of analytical grade.

Animals

Male Sprague-Dawley rats weighing 200-300 g
(Charles River Breeding Laboratories, Inc., Wilmington,
MA, U.S.A.) were housed two pcr cage with free access
to water and standard laboratory chow.

Measurement of synaptosomal sodium uptake
A crude synaptosomal (P,) fraction was prepared from
rat brain after removal of the cerebellum and brainstem

J. Neurochem., Vol. 47, No. 2, 1986

by a modification of the method of Gray and Whittaker
(1962). The final pellet was resuspended in ice-cold incu-
bation buffer (8- 10 ml/brain) containing 5.4 mM KClI, 0.8
mM MgSQO,, 5.5 mM glucose, 130 mM choline chloride,
and 50 mM N-2-hydroxyethyl-piperazine-N’-2-ethanesul-
fonic acid (HEPES), with the pH adjusted to 7.4 with Tris
base. The uptake of 22Na* was measured by a slight mod-
ification of the method of Tamkun and Catterall (1981).
Aliquots (50 pl) of the synaptosomal suspension were in-
cubated for 2 min at 36°C. BTX or veratridine was then
added, and the incubation was continued for an addi-
tional 10 min. The samples were then diluted with 300 pl
of uptake solution containing 5.4 mM KCI, 0.8 mM
MgSO,, 5.5 mM glucose, 128 mM choline chloride, 5 mM
ouabain, 2 mM NaCl, 1.3 pnCi of 2NaCl/ml, the indicated
concentration of BTX or veratridine, and 50 mAM HEPES
(pH adjusted to 7.4 with Tris). After a 5-s incubation (ex-
cept where noted), uptake was terminated by addition of
3 ml of ice-cold wash solution containing 163 mM choline
chloride, 0.8 mM MgSO,, 1.7 mM CaCl,, 1 mg/ml of bo-
vine serum albumin, and 5 mM HEPES (pH adjusted to
7.4 with Tris). The mixture was rapidly filtered under
vacuum through a 0.45 cellulose filter with 0.45-pm pores
(041255; Amicon), and the filters were washed twice with
3 ml of wash solution. Radioactivity was determined by
liquid scintillation spectrometry. The data are presented
as corrected specific uptake (Mullin and Hunt, 1984,
1985) after subtraction of nonspecific uptake (BTX or ve-
ratridine plus TTX, 1 pM present in incubation and up-
take buffers).

[*H]STX binding assay

[PH]STX binding was measured using a slight modifica-
tion of the method of Krueger et al. (1979). A synapto-
somal (P,) pellet was prepared as described above, but
the final pellet was resuspended in an incubation buffer
containing 140 mAM NaCl and 20 mM HEPES (pH 7.5 at
4°C). An aliquot (200-300 g of protein) of synaptosomes
was mixed with various concentrations of [PH]STX
(0.10-10 nM) in a final volume of 1.5 ml, and the samples
were incubated for 60 min at 0-2°C. Following incuba-
tion, the samples were diluted with 5 ml of ice-cold incu-
bation buffer and rapidly filtered through glass fiber
filters (GF/F; Whatman) under vacuum. The filters were
washed twice with S ml of ice-cold incubation buffer, and
the radioactivity remaining on the filter was determined
by liquid scintillation spectrometry. Nonspecific binding
was measured in the presence of 10 pM TTX. The Kp
and B, values were calculated according to the proce-
dure of Scatchard (1949).

Fluorescence measurements

A HH-1 T-format polarization spectrofluorimeter
(BHL Associates, Burlingame, CA, U.S.A.) with fixed
excitation and emission polarization filters was used to
measure fluorescence intensity parallel and perpendic-
ular to the polarization phase of the exciting light (Harris
and Schroeder, 1982). Polarization of fluorescence and
intensity of fluorescence were calculated by an on-line
microprocessor. Similar instrumentation is presented in
more detail by Johnson et al. (1979). The fluorescent
probes 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-[4-(tri-
methylammonium)phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) were used. The excitation wavelength was
362 nm, a 03FGGO0O01 filter (Melles Griot, Irvine, CA,
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U.S.A.) was used in the excitation beam, and KV389
filters (Schott Optical, Duryea, PA, U.S.A.) were used
for emission. Cuvette temperature was maintained by a
circulating water bath and monitored continuously by a
thermocouple inserted into the cuvette to a level just
above the light beam.

Synaptic plasma membrane (SPM-2) preparations were
used for all fluorescence measurements. The cerebellum
and brainstem were removed from the brain, and SPM-2
preparations were separated by Ficoll and sucrose den-
sity centrifugation as described by Harris and Schroeder
(1982). Membranes were resuspended in phosphate-buft-
ered saline (8 g/L of NaCl, 0.2 g/L of KCI, 0.2 g/LL of
KH,PO,, 1.15 g/L. of Na,HPO, - 7 H,0, and 0.48 g/L. of
HEPES, pH 7.4) at a concentration of 1-3 mg of protein/
ml and were frozen and kept at —80°C before analysis.
SPM-2 preparations were diluted to 0.05 mg of protein/
ml, and fluorescent probes were incorporated at 35°C for
15 min with frequent vortex mixing. DPH was dissolved
in tetrahydrofuran, and TMA-DPH was dissolved in tet-
rahydrofuran/water (1:1 vol/vol). The probes were added
in a volume of 0.3-0.5 pl/ml to give a probe concentra-
tion of 40—-80 ng/ml. Control levels of fluorescence (base-
line) were determined at 20 or 35°C. In certain cases, an
aliquot (1-10 pl) of ethanol was added to the cuvette, and
fluorescence was determined 3-5 min later.

Irradiation procedures

The synaptosomes or SPM-2 preparations were placed
in glass test tubes in a Plexiglas ice bath and were irra-
diated with 18.5 MeV electrons from the Armed Forces
Radiobiology Research Institute linear accelerator. Pulse
duration was 4 ps, and pulses were delivered at a rate of
15/s. Dose rate was ~12 rad/pulse. Synaptosomes were
exposed to v radiation using a ®Co source at a dose rate
of 100 rad/min (for the 100-rad dose only) or 7,600 rad/
min. Dosimetry was -performed using a 0.05-cm® tissue
equivalent ion chamber whose calibration is traceable to
the National Bureau of Standards. The ion chamber was
placed in a glass test tube inside the Plexiglas ice bath
during dosimetry measurements.

Miscellaneous methods

Protein content was determined by the method of
Lowry et al. (1951), using bovine serum albumin as the
standard. Data are presented as mean = SEM values. In
each experiment, triplicate samples were prepared for
each concentration of toxin. The number of experiments
is given in the legend of each table and figure. Statistical
analysis was performed using Student’s ¢ test. Multiple
comparisons with a control were done by analysis of vari-
ance and Dunnett’s test (Dunnett, 1964).

RESULTS

Ion flux studies

Incubation of synaptosomes with the alkaloid
toxin veratridine caused a concentration-dependent
increase in synaptosomal 22Na* uptake. The effects
of exposure to high-energy electrons on 22Na* up-
take are shown in Fig. 1. Irradiation with doses of
100, 1,000, and 10,000 rad caused a dose-dependent
inhibition of veratridine-stimulated 2Na* uptake.
The uptake of 22Na* uptake into irradiated synap-
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FIG. 1. Effect of high-energy electrons on veratridine-stimu-
lated 22Na+ uptake by rat brain synaptosomes. In each ex-
periment, triplicate samples were incubated with the indi-
cated concentration of veratridine, and 22Na+ uptake was
measured during a 5-s uptake phase. Data are mean values
from four experiments; the SEM was 5-10% of the mean.
Significant effects of radiation are indicated as follows: *p <
0.05, **p < 0.01.

tosomes was significantly different from control
values only at the higher concentrations of veratri-
dine. A double-reciprocal analysis of these data in-
dicated that the maximal uptake was reduced with
no change in the affinity of veratridine for its
binding site in the channel (data not shown). In ad-
dition, nonspecific sodium uptake in the presence
of veratridine and TTX and the uptake in the ab-
sence of any added toxins were unaffected by ion-
izing radiation (data not shown). These findings are
in agreement with previous work on ion channels in
our laboratory (Wixon and Hunt, 1983).

To determine if other types of ionizing radiation
had a similar effect on the sodium channel, we irra-
diated synaptosomes with vy rays and measured the
uptake of 22Na™* over a range of concentrations of
veratridine (Fig. 2). Exposure to vy rays reduced the
maximal effect of veratridine with no apparent shift
in the concentration-effect curve. The magnitude of
the radiation-induced inhibition of veratridine-stim-
ulated 22Na* uptake was similar in synaptosomes
exposed to high-energy electrons or vy radiation.

When sodium channels were activated by BTX,
the effect of radiation was less pronounced at a
given dose of radiation (Fig. 3). One thousand rad
of high-energy electrons reduced the maximal ef-
fect of veratridine by 25%, whereas the maximal ef-
fect of BTX was reduced by only 11%. At 3 pM
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FIG. 2. Effect of v radiation on veratridine-stimulated 22Na+
uptake by rat brain synaptosomes. In each experiment, tripli-
cate samples were incubated with the indicated concentra-
tion of veratridine, and 22Na+* uptake was measured during a
5-s period. Data are mean values from three to five experi-
ments; the SEM was 5—-10% of the mean. Significant effects
of radiation are indicated as follows: *p < 0.05, **p < 0.01.

BTX, the higher dose of radiation (10,000 rad)
caused a significant (p < 0.05) reduction in 22Na*
uptake. This difference in the potency of radiation
may be related to the fact that BTX is considered to
be a full agonist, whereas veratridine is a partial ag-
onist in stimulating 22Na* uptake (Catterall, 1980).
In addition, the mechanism by which veratridine
and BTX stimulate sodium uptake may be slightly
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FIG. 3. Effect of high-energy electrons on BTX-stimulated
22Na* uptake by rat brain synaptosomes. Triplicate samples
were incubated with the indicated concentration of BTX, and
22Na+ uptake was measured during a 5-s period. Data are
mean values from three experiments.
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FIG. 4. Time course of veratridine-stimulated 22Na* uptake.
In each experiment, triplicate samples were incubated with
veratridine (200 uM) for 10 min, and 22Na* uptake was mea-
sured at the indicated interval. Synaptosomes were irra-
diated with 10,000 rad of high-energy electrons. Data are
mean + SEM (bars) values from three to five experiments. A
significant effect of ionizing radiation is indicated as follows:
*p < 0.05.
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different because of other properties of the toxins
(Miller, 1983; Tanaka et al., 1983).

The time course of veratridine-stimulated 2Na*
uptake in control and irradiated synaptosomes is
shown in Fig. 4. Exposure to 10,000 rad of high-en-
ergy electrons significantly reduced veratridine-
stimulated 22Na* uptake at incubation times of 3
and 5 s but not at later time points. Thus, ionizing
radiation reduced the initial rate of neurotoxin-de-
pendent 22Na* uptake when the influx was unidi-
rectional and the rates of uptake were greatest.

In synaptosomes and cultured neuroblastoma
cells, the small polypeptide toxins present in cer-
tain SVs enhance the neurotoxin-dependent influx
of sodium through an allosteric mechanism (Cat-
terall, 1980). The data in Table 1 illustrate that the
interaction of SV and veratridine remains intact in
irradiated synaptosomes.

[*H]STX binding
In addition to the receptor sites for veratridine
and SV, sodium channels in synaptosomes also

TABLE 1. Effect of high-energy electrons on
SV-induced enhancement of veratridine-stimulated
2Na™* uptake

22Na* uptake
(nmol/mg of protein/S s)

Dose Veratridine (100 uM)
(rad) Veratridine (100 pM) + SV (100 pg/ml)
0 497 + 0.10 6.92 = 0.22¢
1,000 3.91 = 0.25* 6.03 + 0.36°
10,000 3.51 = 0.18¢ 5.79 = 0.274

After irradiation, synaptosomes were preincubated with SV
(100 pg/ml) for 2 min followed by a 10-min incubation with verat-
ridine, and 2Na* uptake was measured after a 5-s uptake phase.
Data are mean = SEM values from three experiments.

@ Denotes a significant effect of SV, p < 0.01.

b Denotes a significant effect of radiation, p < 0.05.

¢ Denotes a significant effect of radiation, p < 0.01.
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TABLE 2. Effect of ionizing radiation on binding of
PH]STX to rat brain synaptosmes

Bmax
Group (pmol/mg of protein) Kp (nM)
Control 2.80 = 0.15 1.64 = 0.10
Irradiated® 2.65 = 0.23 1.76 = 0.20

Synaptosomes were incubated at 0-2°C for 60 min with
[PH]STX (0.10-10 nM) in the absence and presence of 10 uM
TTX, and binding was measured using a rapid filtration assay.
Data are mean = SEM values from four experiments.

4 Synaptosomes were irradiated with 10,000 rad of high-en-
ergy electrons.

contain a receptor site for TTX and STX. The
binding of [PH]STX is sensitive to changes in the
lipid and protein components of the membrane
(Baumgold, 1980). However, exposure to 10,000
rad of high-energy electrons did not alter the equi-
librium binding parameters of [PH]STX (Table 2). In
addition, exposure to 25,000 rad of vy radiation did
not affect the concentration of TTX required to in-
hibit veratridine-stimulated 2*Na* uptake by 50%
(data not shown).

Fluorescence polarization studies

lonizing radiation in doses of =500 rad has been
shown to increase the fluidity of erythrocyte mem-
branes (Edwards et al., 1984; Yonei et al., 1984). In
addition, there is a strong correlation between inhi-
bition of veratridine-stimulated sodium influx and
increased membrane fluidity in mouse brain syn-
aptic membranes (Harris and Bruno, 19854). The
fluorescence polarization of the probes DPH and
TMA-DPH in rat brain synaptic plasma membranes
after 10,000 rad of ionizing radiation is shown in
Table 3. There was no significant difference in the
baseline fluorescence polarization of DPH or
TMA-DPH in the irradiated membranes compared
with the corresponding control. The response of ir-
radiated membranes to the lipid-disordering effect
of ethanol was identical to the response in control
membranes (Table 4). We conclude that a 10,000-
rad dose of ionizing radiation has no effect on the
baseline fluidity of synaptic plasma membranes

and, in addition, the response of irradiated mem-
branes to the fluidity-inducing effect of ethanol is
also unchanged. Thus, the changes in synaptosomal
sodium uptake we observed are not due to changes
in the order or arrangement of lipids in the neuronal
membranes.

DISCUSSION

The CNS has traditionally been considered to be
somewhat resistant to the effects of ionizing radia-
tion. However, there is a growing body of evidence
that low to moderate doses of radiation cause a
wide variety of behavioral effects. In addition, the
state of neuronal excitability, as assessed by
changes in seizure thresholds, appears to be quite
sensitive to radiation (Pollack and Timiras, 1964;
Sherwood et al., 1967). Only recently have the pos-
sible mechanisms underlying these effects been
studied with the methods available to membrane bi-
ologists and neurochemists.

The results of the present study confirm and ex-
tend our earlier observation that ionizing radiation
reduced the veratridine-stimulated uptake of 22Na+
by rat brain synaptosomes (Wixon and Hunt, 1983).
In addition, we determined that high-energy elec-
trons and vy radiation were equally effective in re-
ducing veratridine-stimulated 2?Na* uptake. In this
regard, it is interesting to note that high-energy
electrons are nearly twice as potent as y photons in
degrading performance in certain behavioral para-
digms (Hunt, 1983). lonizing radiation did not af-
fect the interaction of SV with veratridine or the
binding of [PH]STX to its receptor site in the so-
dium channel. Thus, only thc receptor site for ve-
ratridine was affected by cxposure of the mem-
brane to ionizing radiation. lonizing radiation re-
duced the maximal effect of veratridine and BTX
without affecting the affinity of these toxins for the
receptor site in the channel. We are currently
studying the effect directly by measuring the effect
of radiation on the binding of radiolabeled BTX.

There are several similarities in the effects of
lonizing radiation and intoxicant-anesthetic drugs
on the function of rat brain sodium channels. These

TABLE 3. Effect of ionizing radiation on baseline fluorescence
polarization of DPH and TMA-DPH

Baseline fluorescence polarization

Probe Temperature Control Irradiated
DPH 20°C 0.313 = 0.002 0.315 = 0.004
35°C 0.253 = 0.002 0.253 + 0.004
TMA-DPH 20°C 0.335 = 0.002 0.339 + 0.003
35°C 0.303 = 0.002 0.305 = 0.003

SPM-2 preparations were irradiated with 10,000 rad of high-energy electrons, and
fluorescence polarization was measured as described in Materials and Methods. Data

are mean = SEM values (n = 6).
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TABLE 4. Effect of ethanol in vitro on fluorescence
polarization of DPH

Change in polarization of DPH

Ethanol
concentration (mM) Control Irradiatede
75 —0.003 = 0.001 —0.002 = 0.001
150 —0.004 + 0.001 —0.004 = 0.001
300 —-0.007 = 0.001 —0.008 = 0.001
600 -0.013 = 0.001 —-0.013 = 0.002

The indicated concentration of ethanol was added to each cu-
vette, and the change in the baseline fluorescence polarization of
DPH was measured at 35°C. Data are mean = SEM values
(n = 6).

@ SPM-2 preparations were irradiated with 10,000 rad of high-
energy electrons.

drugs and radiation reduce the initial rate of uptake
and reduce the maximal effect of the toxins with
little or no effect on affinity, and neither the SV-ve-
ratridine interaction nor the action of TTX is af-
fected appreciably (Mullin and Hunt, 1984, 1985;
Harris and Bruno, 1985b). Also, the effect of BTX
is less sensitive than the effect of veratridine to in-
hibition by these agents (Mullin and Hunt, 1985;
Harris and Bruno, 19855).

Because ionizing radiation has been shown to in-
crease the fluidity of erythrocyte membranes
(Yonei and Kato, 1978; Yonei et al., 1984) and be-
cause there is a good correlation between increased
membrane fluidity and reduced neurotoxin-stimu-
lated sodium influx (Harris and Bruno, 19854), we
investigated the effects of ionizing radiation on the
fluidity of synaptic plasma membranes and no dif-
ference in the response of these membranes to the
lipid-disordering effect of ethanol at radiation doses
that reduce the neurotoxin-stimulated uptake of
22Na* by synaptosomes. As DPH is a probe of the
lower (methyl terminal) portions of lipid acyl
groups and TMA-DPH is a probe of the glycerol
backbone and upper (carboxyl) portions of the acyl
groups in membranes (Harris et al., 1984), we con-
clude that a 10,000-rad dose of ionizing radiation
does not affect the order or packing of lipids in the
neuronal membranes. Although alterations in the
order of packing of membrane lipids may be an im-
portant determinant of radiation damage in certain
biological membranes (Edwards et al., 1984; Yonei
et al., 1984), this does not appear to be the case for
membranes derived from the CNS. Perturbation of
other membrane constituents such as oxidation of
sulfhydryl groups and/or changes in protein confor-
mation may be related to the observed effect of ion-
izing radiation on the functional properties of neu-
ronal sodium channels.
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ABSTRACT

The effect of a thymic hormone, thymosin
fraction 5 (TFS), in restoring immuno-
competence in the thymus of y-irradiated
mice was examined. Three different mouse
strains were used in this study, since
previous work has established that the
response to TFS5 varies in different
strains. To measure the rate of recovery
of immunocompetent cells in the thymus,
the responsiveness to comitogenic effect
of interleukn-1l (IL-1) was used. This
assay was chosen since it has been estab-
lished that only more mature PNA™,
Lytl*2” medullary cells respond to this
monokine. Contrary to several earlier
reports that radioresistant cells repopu-
lating the thymus within the first 10 days
after irradiation are mature, cortico-
steroid resistant, immunocompetent cells,
the thymic cells from irradiated mice in
all strains wused had greatly reduced
responses to IL-1. Daily intraperitoneal
injections of TF5 increased significantly
the responses of thymic cells to IL-1l in
10-13 weeks old C57Bl/KsJ, C3H/HeJ, and
DBA/1 mice. Older mice, 5 months or more
in age, of DBA/1 strain did not respond to
treatment with TFS. However, C3H/HeJ
mice of the same age were highly respon-
sive. In conclusion, (a) cells repopu-
lating the thymus within 12 days after
irradiation contain lower than normal
fraction of mature IL-1l responsive cells,
(b) thymic hormones increase the rate of
recovery of immunocompetent cells in the
thymus, and (c) the effect of thymic hor-
mones is strain and age dependent,

Send reprint requests to: Dr. Ruth Neta,
Experimental Hematology Department, Armed
Forces Radiobiology Research Institute,
Bethesda, Maryland 20814-5145.

INTRODUCTION

The thymus gland is of critical impor-
tance in the normal development of
T-cells. T-cell precursors acquire func-
tions and phenotypic markers characteris-
tic of mature T-cells in the thymus. Much
information has accumulated recently on
the phenotype definition of thymic cells
subpopulations ([1,2] and on modes of
acquisition of MHC determined self
restriction necessary for their reactiv-
ity [(3,4). However, the precise intra-
thymic events that regulate thymocytes
proliferation and differentiation remain
unresolved. 1In particular, the influence
of thymic hormones on proliferation and
maturation of cells in the thymus remains
to be established [5-7). Much work has
shown that administration of these hor-
mones in vivo can restore immunologic
reactivities of immunodeficient host
[8-12]. Previous work, including our
own, also indicated that thymic hormones
can correct deficient function but do not
augment normal function [13,14]. This
immunoregulatory effect awaits an expla-
nation.

Ionizing radiation, even in 1low doses
(150-200 rad), causes a dramatic involu-
tion in murine thymus. Regeneration of
the thymus, as measured by weight and
mitotic index, begins 5-7 days after
irradiation [15]. The thymuges of radia-
tion immunocompromised mice presented a
convenient model to observe the effect of
administration of thymic hormones on the
maturation of the cells in the thymus.
Two additional aspects were considered in
developing the experimental model: (a)
Previous work has established that the
effectiveness of treatment with TF5
varies widely in different strains of
mice. C3H/HeJ mice susceptible to infect-
ion with C. albicans and low responders in
the in vivo release of MIF and IFN-y



become resistant and release high titers
of the two lymphokines into circulation
following daily administration of TFS5.
In contrast, DBA/1 strain, also susceptib-
le and low-responder, was not affected by
hormone administration [14,13). 1In addi-
tion, C57B1/KsJ, normally resistant and
high responders, became susceptible and
low-responders when compromised by induc-
tion of a diabetic condition [16]. This
compromised strain also responded to
treatment with thymosin with enhanced
resistance, lymphokine release, and
delayed footpad reaction to C. albicans.
(b} The involution of the thymus that
begins at puberty is not understood at
present. It is possible that this process
depends on reduced production and/or
responsiveness to thymic hormones.

Therefore, our experimental model con-
sisted of the three above mentioned mouse
strains, varying in their ages from 10
weeks to 6 months and irradiated with 450
rad. As a measure of thymocyte function
we have chosen to assay changes in respon-
siveness to IL-l, since previous work has
established that only more mature PNA™,
Lytl+2' cells respond by proliferation in
this assay (17-20].

In this presentation we will demonstrate
that administration of TP5 into irradi-
ated mice accelerates the rate of recov-
ery of 1IL-1 responsive cells in the
thymus. The effectiveness of treatment
with the hormone depends, however, on the
strain and the age of the animal.

MATERIALS AND METHODS

Mice. Inbred strains of female mice
(C57B1/KsJ, DBA/1J, and C3H/HeJ) were
obtained from Jackson Laboratories, Bar
Harbor, Maine. The mice were housed in
the Veterinary Medicine Department facil-
ity at the Armed Forces Radiobiology
Research Institute in cages of nine mice
with filter lids. Standard lab chow and
HCL acidified water (pH 2.4) were given ad
libitum. All cage cleaning procedures
and daily injections were carried out in a
micro-isolator.

Irradiation. Mice were placed in Plexi-
glas restrainers and given whole-body
irradiation at 0.40 Gy/min by bilaterally
positioned cobalt-60 elements. The total
dose was 4.5 Gy (450 rads).

Thymosin Fraction 5. This was obtained
through the courtesy of Dr. Allan Gold-
stein, Department of Biochemistry, The
George Washington University School of
Medicine, Washington, DC. The control
fraction, kidney fraction 5, was also
kindly provided by Dr. Goldstein. Both
lyophilized fractions were diluted in
pyrogen-free saline (Travenol Labora-
tories) containing 100 U/ml of penicillin
and 100 ug/ml of streptomycin to a final
concentration of 10 ug/ml. Each mouse

received 0.5 ml daily intraperitoneal
injection.

Thymic Cell Suspensions. Three to six
mice per experimental group were sacri-
ficed via ether anesthesia on the days
postirradiation as noted. Thymuses were
removed, cleared of any parathymic lymph
nodes and placed in Hanks Balanced Salt
Solution (HBSS-GIBCO) on ice. Single
cell suspensions were prepared by passing
the thymuses through a Millipore screen
(20 mm diameter) and then a 23 gauge
needle and syringe. The cells were washed
two times in HBSS (200 g, 10 min, 4°C),
and resuspended in complete medium con-
taining RPMI 1640, 10% calf serum (Hy=-
clone}, 100 U/ml penicillin, 100 ng/ml
streptomycin, 10”2 M 2-beta mercaptoethan-
ol, and 2 mM L-glutamine. Viability for
all cell suspensions was found to always
be >95%.

IL-1 Preparations. TwWwO preparations of

IL-1 were used, IL-1 purchased from
Genzyme with a specific activity of 100
U/ml was used at a final concentration of
5 U/ml and 1 U/ml (lot numbers 094a,
095a). IL-1 was also prepared in the
laboratory according to Gery, et al.
[211. Briefly, resident peritoneal
macrophages were lavaged from c57Bl/g
mice. Cell suspensions containing 2 x 10

cells/ml were allowed to adhere for 2 hr
to the surface of plastic Costar 2506
multiwell dishes and then after removal
of nonadherent cells, were incubated for
24 br at 37°C in 5% CO, with 20 ug/ml of
lipopolysaccharide (Difco, Detroit, Mich-
igan) and 60 ug/ml of silica (gift from
Dr. Alison D. O'Brien, Department of
Microbiology, Uniformed Services Uni-
versity of the Health Sciences) prepared
as specified (22]. The supernatants were
used in dilutions ranging from 1:50 to
1:250. Controls which consisted of cell
culture supernatants to which LPS and
silica were added at the termination of
the culture did not have any stimulatory
effect.

IL-1 Assays. The assay was performed as
previously described [21]. Briefly,
triplicate cultures for each IL-1 dilu-
tion and background control were set up in
96 well flat bottom microtiter plates
(Costar 3596, Cambridge, Massachusetts).
Two cell concentrations were used in eac9
assay, usually 0.1 ml/well of 3 x 10
cells/ml or 1.5 x 10 cells/ml. PHA
(Wellcome Burroughs, Greenville, North
Carolina) was added to the cell suspen-
sions at a final concentration of 1.0
ug/ml. Following 48 hr incubation at 37°C
in 5% CO,, cells were pulsed with 1 uCi
H-thymidine per well. The cells were
harvested 18 hr later (Skatron Cell
Harvester, Sterling, Virginia) onto glass
filters which were then counted in
Scintiverse II on a Mark III Scintilla-
tion Counter to determine thymidine
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Fig. 1. Effect of TF5 on comitogenic
response of thymocytes from C57Bl/6 mice.
Thymocytes were recovered at days after
irradiation and cultuged at a cell con-
centration of 1.5 x 10° cells/well (D + 6)
or 3.0 x 10° cells/well (D + 9 and D +
12). Results are mean cpm of triplicate
cultures with 5 U/ml of IL-1 minus mean
cpm of triplicate cultures without IL-1l.

uptake. Statistical analyses were per-
formed using Student's T test.

RESULTS

C57B1/KsJ. Previous work indicated that
treatment of normal C57Bl1/KsJ mice with
TFS reduced their immunologic responsive-
ness, i.e., their resistance to infection
with C. albicans and the titers of in vivo
released 1lymphokines (IFN-y and MIF).
Similar treatment of C57B1/KsJ mice
immunocompromised by induction of dia-
betic condition and, therefore, suscepti-
ble to C. albicans and low-responders in
in vivo IFN-y and MIF release, resulted in
enhanced resistance and greatly increased
titers of lymphokines [16]. Presently,
groups of mice, 10-12 per group, 3 months
old at the time of irradiation with 450
rads, were given daily injections of 5 ug
TF5 or saline or were not injected. The
magnitude of comitogenic effect of IL-1
in the thymocytes of the three above
groups and normal controls .was compared
(Fig. 1). The results are expressed as
mean counts per minute o triplicatg
cultures containing 1.5 x 10° or 3.0 x 10

cells per well, incubated with and with-
out 5 units/ml of IL-l. The responses of
two other concentrations of IL-1 used in
each assay indicated the 1linearity of
responsiveness to IL-1 (data not shown).
It is apparent that normal C57Bl1/KsJ mice
can be characterized as low-responders to
IL-1. The recovery of cells/thymus on a
given day after irradiation is very simi-
lar for the individual experimental
groups (Fig. 2) and agrees with previous-
ly published observations on the initial

RECOVERY OF CELLS IN THE THYMUS AFTER
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Fig. 2. The numbers of cells recovered
per thymus at different days after

irradiation (calculated from groups of
3-6 mice).

cell recovery in the thymus of irradiated
mice [15]. A striking difference, how-~
ever, may be observed in the responsive-
ness of cells to IL-l. The TF5 treated
thymocytes responded significantly more
than the control and the saline treated
for irradiated groups. 1In two additional
series of experiments 10 week o0ld mice
were used, since 8-10 weeks 0ld CD-1 mice
respond to IL-1 with peak activity [23]).
Although much higher number of cells/
thymus were recovered from the normal, 10
week old C5781/KsJ mice (ranging from 2.3
to 4.0 x 10° cells), the thymocytes in
response to 1:100 dilutign of IL-1 jncor-
porated only 2-4 x 10 cpm of “HTAR.
Thus, lower 1levels of response were
observed in thymuses with higher cellu-
larity. At day 6, 9, and 13 after irradi-
ation the TP5 treated mouse thymocytes
from C57B1/KsJ mice responded at 73%, 129
+ 7%, and 80 + 60% of normal control
responses, respectively. The saline or
kidney fraction 5 treated control groups
had only 19%, 41 + 37%, and 10 + 9%, and
irradiated mice had only 40%, 8 + 11%, and
13 + 8% of normal control responses on the
same days. Therefore, despite the re-
duced effect of the treatment with TF5 in
10 week old (C57Bl/KsJ mice a marked
greater response was still obtained from
TF5 treated than from saline/kidney frac-
tion 5 - treated, or irradiated mice. We
conclude, therefore, that treatment with
TFS in comparison with saline or kidney
fraction 5, enhances the recovery of IL-1
responsive cells in the thymuses of
irradiated mice.

DBA/l. Mice of this strain were evaluated
since in previous experiments TF5 did not
affect their resistance to infection with
C. albicans and their in vivo release of
IFN-y and MIF. Animals of two different
ages were used to determine whether the
responses to TF5 are age dependent. The
particular choice of ages, 10 weeks and 5
months, was based on the previous obser-
vation (23] that 8-10 week old CDF; mice
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Fig. 3. Effect of TFS on comitogenic re-
sponses of thymocytes from 10 week old
DBA/1 mice to IL-1. Thymocytes were
recovered at 7 and 9 days after irradia-
tign and cultured at concentration of 3 x
10 cells/well with or without IL-1.
Regults are expressed as percent of con-
trol responses, T - thymosin fraction 5,
k - kidney fraction 5, R - radiation only.

had maximal responses to IL-1 and 18 week
old mice had greatly reduced responses to
purified IL-1. The lower responses in
older animals may be an indication of
reduced levels of immunocompetent T-cells
in the thymus, possibly as a result of
reduced effectiveness of thymic hormones.

(a) Thymocytes from 10 week old mice at 7
and 9 days after irradiation when treated
with TP5 showed consistently higher
responses (Fig. 3). The thymocytes re-
sponses were lower in animals treated
with kidney fraction 5 or irradiated
only. Although lower number of cells per
thymus were recovered in kidney fraction
5 and TFS treated animals than in irradi-
ated only mice at 7 days after irradia-
tion, similar numbers of cells were re-
covered in TFS treated group and irradia-
ted group at 9 days after irradiation.
Depletion of cells, therefore, in the
thymuses of TFS5 treated mice does not
account for the apparent difference in
the level of IL-1 reactive cells.

(b) The responses of thymocytes from 5
month old mice evaluated in two series of
experiments are summarized in PFig. 4.
None of the irradiated experimental
groups showed the presence of IL-1 re-
sponsive cells at the cell concentrations
used in the assay. The cellularity of the
thymuses increased with no apparent
influence of treatment (Fig. 5). Thus, we
can conclude that TF5, although effective
in thymic recovery of younger animals,
did not affect the recovery of the thymus
in older animals. Cell proliferation,
however, takes place in these thymuses
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Fig. 4. Effect of TF5 on comitogenic
response of thymocytes from S month old
DBA/1 mice. Thymocytes were recovered at
dags after irradiation and cultured at 3 x
10° cells/well. Results are mean cpm of
triplicate cultures with S5 units of IL-1
minus mean cpm of triplicate cultures
without IL-1.
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Fig. 5. The numbers of cells recovered
per thymus at different days after
irradiation, calculated from groups of
3-6 mice.

following radiation injury, and at 12
days the numbers of thymocytes in irradi-
ated mice nears that of normal mice.

C3H/HeJ. Mice of this strain, 5-6 months
old, were used for comparison with TFS
unresponsive DBA/1l mice of the same age.
Two series of the separate experiments
are summarized in Table 1. Since on day 6
and 7 after irradiation the recovery of
cells in individual groups (6 mice in each
group) was low, the cell concentrations
were reduced to_5 x 10° cells/well on day
6 and to 7 x 10° cells/well on day 7. It
is evident from Table 1 that on days 6, 7,
and 9 after irradiation only thymic cells
from TF5 treated mice responded to IL-1
with increased proliferation. In con-
trast, equal cell concentrations from
irradiated only, irradiated and kidney
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Thymocytes were reco 5,ered at days

** (7 x 10
cpm + S.D. of triplicate cell cultures with 2 U/ml of IL-1 or of controls.
parentheses are number of cells recovered per thymus.

gfter iiradiati%n and cultured at cell concen-
or

(3 x 10°) per well. Results are mean
The numbers in

P values were calculated by Stu-

dent's t test for a given group compared to TFS treatment.

fraction 5 treated, and nonirradiated
normal mice were not responsive to IL-1l.
In conclusion, unlike DBA/1 mice, 5-6
month old C3H/HeJ mice respond to TFS
treatment with enhanced responses of the
cells in the thymus to IL-1.

DISCUSSION

The experimental results
address three questions: (a) are the
cells repopulating the thymus in the
early postirradiation phase immunologi-
cally competent, (b) can thymic hormones
exert an effect on these cells (or change
their composition), and (c¢) can genetic
factors influence the effect exerted by
thymic hormones in irradiated mice.

reported here

Thymocytes from all of the strains
examined, after irradiation with 450 cGy
showed reduction in IL-1 responsiveness

throughout the first phase of recovery.
Earlier studies by Takada et al. [15],
using mitotic index and thymus weight
from mice irradiated with 400 cGy con-

cluded that thymus regeneration is a
biphasic process. Within 24 hr after
irradiation, a preclipitous drop in

mitosis and in thymic weight developed
which was followed by nearly full recov-
ery beginning on days 5-7 until day 1l2.
Following this day a second drop in thymic
cellularity was observed which 1lasted
until day 20. Our observation on the
recovery of cells in the thymus parallels
these findings. The mechanism of this
biphasic pattern of thymus repopulation
remains speculative.

The immunologic competence of the cells
initially repopulating the thymus is con-
troversial. A number of studies con-
cluded that radiation-resistant cells
repopulating the thymus are immunocompe-
tent. Blomgren and Anderson ([24]) com-
pared cells from normal thymuses with

corticosteroid resistant cells (CRC) for
their radiation resistance. They ob-
served that <corticosteroid treatment

enriched the radiation resistant cells
from 4% in normal mice to 50% CRC popula-
tions, and concluded that these two popu-
lations may be similar. Studies by Konda
et al. [25] examining the buoyant density
and T-cell markers of CRC concluded that
this population was similar to radio-
resistant cells present in the thymus 10
days after 880 cGy irradiation. Using 760
cGy irradiated A/J mice, Kadish and Basch
demonstrated that cells recovered 9 days
after irradiation had enhanced reactivity
to Con-A and PHA (26]. The histology of
cortical and medullary regions of the
thymus 10 days after irradiation with 750
cGy resembled that of a normal thymus
[27]. Therefore it has been proposed that
the radioresistant cells in the thymus
that repopulate the thymus after irradia-
tion present a population resembling the
mature CRC. More recent studies on the
phenotypes of cells present in the thymus
within 12 days following irradiation
demonstrated a relative sparsity of PNA™

Lytl +27 cells [28], presently recognxzed
as the immunocompetent subpopulation that

is responsive to IL-1 (17-20]. Similar-
ly, CTL-precursor cells were found 14
days after lethal irradiation and bone

marrow transfer but were not detected at 7
days after irradiation [29]. 1In another



laboratory the frequency of CTL-precursor
cells was about 50-fold lower for up to 12
days after irradiation in the thymuses of
bone marrow reconstituted radiation
chimeras [30]. The same investigators
also analyzed by flow microfluometry the
Thy-1 phenotype of host derived cells.
Despite increasing numbers of Thy-1
bright cells (considered immunological-
ly immature), cells weakly stained with
Thy-1 (considered immunocompetent) were
not detected 10 days after irradiation.

Our own observations using IL-1 respon-
siveness as a measure of thymocyte
immunocompetence indicates a reduction in
these cells from day 6 to 12 postirradia-
tion with 450 cGy. Given that the number
of cells recovered from the thymus at 6
days after irradiation represents about
158 of the number of cells in normal
thymus and nears normal at 12 days, the
frequency of these cells in the thymus
must be greatly reduced. Together with
the finding on reduced freguency of CTL
precursor cells [(29,30] and the scarcity
of PNA~, Lytlt2-, weakly Thy-1 stained
cells repopulating the thymus after irra-
diation ([28,30] the degree of maturation
of radioresistant cells and the types of
proliferating cells in a regenerating
thymus need to be re-evaluated.

There have been numerous demonstrations
that various thymic hormones preparations
are effective in treatment of immuno-
deficiencies [8-14]. The capacity of
these hormones to promote maturation,
proliferation, and marker acquisition of
T-cells in bone marrow or in splen has
been reported ([31-33]. However, the
majority of the successful experiments
demonstrating the effect of thymic hor-
mones have been conducted in vivo despite
the fact that most of the in vitro experi-
ments use doses of the hormones many fold
higher than the doses used in the living
animal ([34]. Possibly the action of this
hormone is amplified in vivo via a mediat-
ing mechanism absent in the in vitro sys-
tems. The relatively narrow range of
optimal doses necessary to achieve bene-
ficial in vivo effects as well as neces-
sity for daily injections of the hormone
represent some of the not yet understood
complexities of the system.

Although our results clearly demonstrate
an enhancement of IL-1 responsiveness
following administration of TFS to irra-
diated mice, the mechanism of this
enhancement remains unclear. Several
possibilities should be considered. (a)
Stimulation of the traffic of the bone
marrow derived T-precursor cells into the
thymus, (b) promotion of maturation of
intrathymic cells, and (c) enrichment for
IL-1 reactive cells as a result of selec-
tive depletion by thymic hormones of
immunologically immature cells present in
the thymus. The latter possibility does

not seem likely as the recovery of cells
per thymus on a given day does not vary
much between the different experimental
groups. Treatment with TFS enhanced the
level of IL-1 responsiveness in all three
strains examined when the age of the mice
was 10-12 weeks. The role of genetic fac-
tors is suggested by the finding that 5-6
months old C3H/HeJ mice responded to
treatment (Table 1) while DBA/l mice of
the same age did not respond (Fig. 4).
This difference parallels the previously
obgserved effect of TFS in these two
strains when resistance to C. albicans
and in vivo release of IFN-y and MIF were
compared [13,14]. The same two mouse
strains also varied in their responses to
IL-1. Three month old C3H/HeJ mice had
tenfold higher response than 10 week old
DBA/1 mice (data not presented). Al-
though at 5 months the response of normal
C3H/HeJ mice to IL-1 had declined, it was
still at least two- to threefold higher
than the response of thymocytes from §
month old DBA/1 mice. This apparent dif-
ference to a comitogenic effect of IL-1
may be a reflection of differences in the
percentages of mature, immunocompetent
cells in the thymuses of these strains.
For example, the percent of medullary
PNA™ cells differed from 14.6% in CBA mice
to 9.5% in C57Bl/6 mice [1]. Perhaps
these differences in the numbers of
immunocompetent cells in the thymuses of
different strains may be the result of
differences in the levels of endogenous
thymic hormones or of cell responses to
thymic hormones. The responsiveness of
5-6 month old C3H/HeJ mice to thymic hor-
mones may be the reason for this strain's
high level of IL-1 responses, and there-
fore the greater number of immunocompe-
tent cells in the thymus. The unrespon-
siveness of the DBA/1 mice of the same age
would result in lower numbers of IL-1
responsive cells in the thymus of this
strain as observed in the present study.
As reagents to evaluate thymic hormone
levels in mice of different strains
become available, this hypotheses may be
examined.
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Acute Toxicity of Petroleum- and Shale-Derived Distillate Fuel, Marine: Light Microscopic,
Hematologic, and Serum Chemistry Studies. PARKER, G. A., BoGo, V., AND YOUNG, R. W.
(1986). Fundam. Appl. Toxicol. 7, 101-105. Rats were gavaged with 60, 48, 38, 30, or 24 ml/kg
of either petroleum (P) or shale (S)-derived distillate fuel, marine (DFM). Surviving rats were
killed 14 days after dosing. There was a slight difference in toxicity of the two fuels but neither
fuel was very toxic. The LD50/14 was 43 ml/kg for P-DFM and 50 ml/kg for S-DFM. Lesions
in rats that died indicated hepatic and renal toxicity. In another study, rats were gavaged with 24
ml/kg of either P- or S-DFM and killed at 1, 2, or 3 days after dosing. Prominent clinicopathologic
findings included loss of body weight, hematologic evidence of dehydration, transient leukopenia,
and serum chemistry and histopathologic alterations indicative of mild hepatic and renal toxicity.
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As a result of projected shortages in fossil fuels,
the U.S. Department of Defense instituted
programs to evaluate liquid hydrocarbon fuels
derived from alternative fossil sources, namely
coal, oil shale, and tar sands (Parker et al,,
1981). Current attention centers on shale
crude, which has proven to be a reasonable
substitute in demonstration trials. Numerous
physical and functional characteristics of
shale-derived distillate fuel, marine (S-DFM)
are being compared to petroleum-derived
DFM (P-DFM) in order to determine whether
the shale products are suitable for military use.

Knave er al. (1976, 1978, 1979) indicated

! Research was conducted under Work Unit Number
60215, and according to the principles enunciated in the
Guide for the Care and Use of Laboratory Animals, pre-
pared by the Institute of Laboratory Resources, National
Research Council. This research was supported by the
Armed Forces Radiobiology Research Institute, Defense
Nuclear Agency (DNA). Views presented in this paper are
those of the authors; no endorsement by DNA has been
given or should be inferred.

2 To whom requests for reprints should be sent.
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neurotoxicity associated with long-term ex-
posure to petroleum-derived jet fuel. Work in
this laboratory suggested that acute oral or
subchronic inhalation exposure to petroleum-
or shale-derived JP5 jet fuel is nephrotoxic in
rats (Bogo et al., 1983 and 1984; Parker et al.,
1981). Systematic toxicity studies on petro-
leum hydrocarbons were done by Carpenter
et al. (1978), but no such studies exist for P-
DFM or S-DFM. Oral dosing was chosen to
obtain data on the lethality of both S-DFM
and P-DFM, and to determine sites of patho-
logic alteration. The present paper describes
and compares the early morphologic, hema-
tologic, and serum chemistry changes that oc-
curred in rats following gavage exposure to P-
and S-DFM.

METHODS

Subjects. Subjects were male Sprague-Dawley rats (Tac:
N(SD)BR). The first experiment was a 14-day LDS50 study;
the other was a 3-day study of serum chemistry, hema-
tology, and histopathology of liver and kidney. Rats were
maintained as previously described (Parker ef al,, 198 ).

0272-0590/86 $3.00
Copyright © 1986 by the Society of Toxicology.
All rights of reproduction in any form reserved.
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Fuels. The P-DFM was refined by Hess St. Croix from
a crude mixture consisting primarily of Iranian stock (55%)
and Nigerian crude (25%). The S-DFM was derived by
the Paraho above-ground retorting process and was refined
by Sohio in 1978-1979. The fuels were prepared in ac-
cordance with military specifications, with no special ad-
ditives.

Fourteen-day varied dose study. Six groups, each con-
sisting of six male rats (368 + 3 g) were gavaged with a
plastic syringe and a polyvinyl chloride tube, as described
by Parker et al. (1981). Rats received the following amounts
of either fuel: 60, 48, 38, 30, or 24 ml/kg of body wt.
Control rats received 60 ml/kg water. Rats that died during
the 2 weeks after fuel administration were necropsied im-
mediately after discovery, gross lesions were recorded, and
tissues were fixed in buffered Formalin. Two weeks fol-
lowing fuel exposure, the surviving rats were killed with
carbon dioxide, necropsied, and the tissues fixed.

Three-day uniform-dose study. Three groups of 18 male
rats each (315 + 3 g) were gavaged as above with 24 ml/
kg of body wt, a nonlethal dose, in the 14-day study. Six
rats from each group were killed at 24, 48, and 72 hr after
being gavaged. Body weights were taken at gavage and
sacrifice. At sacrifice, each rat was anesthetized with me-
thoxyfluorane and approximately 8 ml of blood was col-
lected from the abdominal aorta. One milliliter of blood
was placed in glass EDTA anticoagulant tube, and the
remainder was allowed to clot.

Histopathology, hematology, and clinical chemistry
methodology was as described in the companion JPS study
(Parker et al., 1981).

Data analysis. Probit analysis was used to obtain the
lethality profiles in the LD50 studies (Finney, 1971). In
the 3-day study, the body weight, hematologic, and clinical
chemistry data were analyzed by one-way analysis of vari-
ance (ANOVA) with a Bonferroni allocation sufficient to
each ANOVA to compensate for potential multiple anal-
yses errors (Winer, 1962; Miller, 1981). The Newman-
Keuls multiple range tests were used to identify differences
between the means of the daily test periods.

RESULTS
14-Day Varied-Dose Studies

LD50. The LD50 for P-DFM was 43 ml/
kg, with lower and upper 95% confidence lim-
its of 37 and 50 ml/kg, respectively. The LD50
for S-DFM was 50 ml/kg, with lower and up-
per 95% confidence limits of 40 and 79 ml/
kg, respectively.

Necropsy findings. There was no consistent
pattern of gross lesions in rats that died fol-
lowing DFM administration. Congestion of a
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number of organs and accentuation of the he-
patic lobular pattern were seen in a few rats.
Ventral alopecia was common in rats that sur-
vived to termination.

Microscopic findings. Congestion of multi-
ple organs was seen in nearly all rats that died
following S-DFM gavage, regardless of the
survival interval. Congestion was much less
common in rats that received P-DFM. Two
rats that died following S-DFM gavage had
pulmonary edema. Lymphoid depletion in the
thymus was seen in six rats that died following
S-DFM exposure, in three intercurrent-death
rats from the P-DFM group, and in one ter-
minal-kill P-DFM rat. Lymphoid depletion in
the spleen accompanied the thymic change in
one S-DFM and in one P-DFM rat, both of
which died spontaneously. Cytoplasmic vac-
uolization of periportal hepatocytes was seen
in one S-DFM rat that died 67 hr after gavage
and in three P-DFM rats that died 66 hr after
gavage. The affected rat from the S-DFM ex-
posure group also had karyorrhexis of peri-
portal hepatocytes. Renal hyaline droplet for-
mation was noted in some of the rats that died
60-90 hr after gavage. Suppurative dermatitis
was seen in three terminal-kill rats from the
S-DFM group, one terminal-kill rat from the
P-DFM group, and two rats from the P-DFM
group that died spontaneously.

Three-Day Uniform Dose Studies

Survival. All rats from dosed and control
groups survived until scheduled termination.

Body weight. Terminal body weights of dosed
rats were significantly (p < 0.05) less than
controls on all 3 days. Foliowing P-DFM dos-
ing, there was progressive weight loss through-
out the 3-day period. By contrast, weight loss
after S-DFM was maximal at Day 2.

Hematology. Significant differences among
test and control groups were noted in the
packed cell volume (PCV), red blood cell
(RBC), white blood cell (WBC), hemoglobin
values, mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), and



DISTILLATE FUEL MARINE TOXICITY IN RATS

absolute neutrophil and lymphocyte counts
(Table 1). Eosinophil counts, basophil counts,
monocyte counts, relative neutrophil counts,

TABLE 1
HEMATOLOGY
Day 1 Day 2 Day 3
Hematocrit (PVC) (%)
Control? 44 + 0.4 42+ 0.8 41 £ 0.5
Petroleum® 47 + 1.0° 45 + 0.8° 42+ 13
Shale® 43+ 1.0 43 £ 1.0 39 + 0.6°
Red blood cells/u] (RBC) (X10%)
Control 6.50 0.1 6.13 0.2 6.33 + 0.1
Petroleum  7.49 + 0.2° 6.87 +0.2° 6.31 £02
Shale 6.63 03 6.52+0.2 6.14 + 0.1
White blood cells/ul (WBC) (X10)
Control 623 £ 58 458 + 50 402 + 74
Petroleum 220 + 26° 230 + 28° 667 + 144
Shale 146 + 19¢ 232 + 42° 478 + 85
Hemoglobin (gm/dl)
Control 142 £ 0.2 13.8 £0.3 13.6 £ 0.2
Petroleum 153 £0.3° 14.7 £0.2° 13.8 £ 04
Shale 139 +£03 14.1 03 129 £ 0.1

Mean corpuscular volume (MCV) (fliters)

Control 67.5+05 682+12 650+0.5
Petroleum  63.1 £0.6° 66.1 £ 0.7 658 + 0.5
Shale 657 £2.1 66.2+08 638 £ 1.0

Mean corpuscular hemoglobin (MCH) (pg)

Control 21.8 £02 225 +03 21.4 £ 0.3

Petroleum  20.5 £0.3° 20.5 £0.3° 21.8 +0.2

Shale 21.2+09 21209 21.1 £ 0.3
Absolute neutrophil (count/ul)

Control 499 £ 107 402+74 413 £ 112

Petroleum 224 +£29° 241 + 47 1410 = 718

Shale 165 +37° 114 £35° 661 + 162

Absolute lymphocyte count/ul (X10)

Control 538 + 62 414 + 44 . 324 £ 82
Petroleum 197 £ 24¢ 205 + 27¢ 510 = 76¢
Shale 127 £ 16* 217 = 39° 406 £ 73

¢ Control values are mean + SE of the mean for six rats/
group gavaged on Day 0 with 24 ml water/kg body wt.

® Values for petroleum and shale are mean + SE of the
mean for six rats/group gavaged on Day 0 with 24 ml
DFM/kg body wt.

¢ Significant at p < 0.05 as compared to control.
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and mean corpuscular hemoglobin content
were approximately equal in dosed versus
control rats (data not presented).

Serum chemistry and electrolytes. Signifi-
cant differences were noted in urea nitrogen
(BUN), creatinine, alkaline phosphatase, cre-
atine phosphakinase (CPK), lactate dehydro-
genase (LDH), glutamic oxaloacetic trans-
aminase (SGOT), glutamic pyruvic transam-
inase (SGPT), sodium, and potassium (Ta-
ble 2).

Necropsy findings. There was no consistent
pattern of gross lesions in the P-DFM or S-
DFM groups.

Microscopic findings. Mild to moderate cy-
toplasmic vacuolization of periportal hepa-
tocytes was seen in nearly all dosed rats that
were killed on Days 2 and 3, regardless of the
type of fuel administered. The lesion was most
severe on Day 3 in both groups, and on each
day was more severe in the P-DFM group. The
sharply bounded cytoplasmic vacuoles stained
positively with oil red O on frozen sections.
Periportal hepatocytic karyorrhexis and mi-
totic figures were seen in both groups, begin-
ning at Day 2. Hyaline droplet degeneration
was noted in the renal cortex of rats from both
groups. These changes were first noted on Day
2, but were most prominent and numerous on
Day 3.

DISCUSSION

The survival data in the 14-day study in-
dicated only a slight difference in toxicity of
P- and S-DFM; neither type of fuel was highly
toxic. The differences in toxicity may be re-
lated to the origin and chemical constituents
of the raw crude or the refining process (Parker
et al., 1981).

Morphologic and serum chemistry changes
in the 3-day study suggested that liver and
kidney alterations were produced by both
fuels, as was found in a previous study of shale-
and petroleum-derived JP5 (Parker er al.,
1981). The periportal distribution of the he-
patic lesions in the 3-day study was notably
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TABLE 2

SERUM CHEMISTRIES AND ELECTROLYTES

Day 1 Day 2 Day 3

Blood urea nitrogen (BUN) (mg/dl)

Control? 21 £ 1 21 + 1 24 £ 1

Petroleum® 22 + | 32+2°¢ 25+ 2

Shale® DR 26 +2°¢ 21 £2

Creatinine (mg/dl)

Control 09+004 09+002 09+0.03

Petroleum 1.3+0.09° 1.5+£0.07° 1.4 +0.06°

Shale 1.7+0.13° 1.7 +£0.05° 1.2 +0.06°
Alkaline phosphatase (1U/liter)

Control 114 £ 4 145 £ 9 142 £6

Petroleum 143 + 8¢ 243 +23° 260 + 28¢

Shale 136 + 13 152 +9 197 + 9¢

Creatine phosphokinase (CPK) (IU/liter)

Control 214 + 19 166 + 24 130 £ 21
Petroleum 174 £+ 14 179 + 31 215 £ 23¢
Shale 209 £ 32 192 + 16 256 +41°¢

Lactate dehydrogenase (LDH) (IU/liter)

Control 1035 £ 103 1085 + 73 1059 + 123
Petroleum 1371 + 114¢ 1975 + 170° 1625 + 159°¢
Shale 1250 £71¢ 1875 £ 238° 1520 + 178
Glutamic oxaloacetic transaminase (SGOT) (1U/liter)
Control 77+ 4 k2 74 + 4
Petroleum 117 + 10°¢ 230 + 28¢ 135 + 8¢
Shale 113 + 3¢ 142 + 21° 1L +7¢

Glutamic pyruric transaminase (SGPT) (IU/liter)

Control 16 £ 1 16 £ 1 13+1

Petroleum 37+4 83 +17° 37 + 3¢

Shale 38+1° 47 £ 12¢ 28 +2°
Serum Na* (megq/liter)

Control 150 £ 0.2 152 £ 1.8 154 £ 1.2

Petroleum 154 £ 0.7¢ 155 £ 0.9 158 £ 0.6¢

Shale 156 £ 0.6 157 +£09° 158 +0.6°
Serum K* (megq/liter)

Control 4.7+0.08 52+0.17 5.0+0.09

Petroleum 5.7 +0.22¢ 58+£0.13° 54+0.18

Shale 5.1 x£006° 56%019 59+0.17°

% Control values are mean + SE of mean for six rats/
group gavaged on Day 0 with 24 ml water/kg body wt.

® Values for petroleum and shale are mean + SE of mean
for six rats/group gavaged on Day 0 with 24 ml DFM/kg
body wt.

¢ Significant at p < 0.05.
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different from the centrilobular changes which
are seen with classical hepatotoxins such as
carbon tetrachloride (Recknagel, 1967; Rob-
bins, 1974). Periportal hepatocytic degenera-
tion has been associated with particularly po-
tent hepatotoxins (Smith er a/.,, 1983), but in
this study other data do not indicate that these
compounds were potent hepatotoxins.

Hyaline droplet formation in the renal tu-
bular epithelium is known to result when an
increased amount of protein passes the glo-
merulus (Straus and Oliver, 1955), and may
follow impairment of the mechanism by which
the tubular epithelial cells degrade pinocytosed
protein (Oliver et al., 1954). The possibility of
renal vascular damage has been proposed fol-
lowing chronic dermal application of DFM in
mice (Easley ez a/., 1982), and this may include
damage to glomerular capillaries.

Weight loss in the 3-day study was attrib-
uted to dehydration and inappetance. He-
matologic findings indicated that dehydration
was a major contributor to the weight loss in
rats which received P-DFM, while inappetance
alone appeared to be the major contributor in
the S-DFM rats. Additional studies in which
feed and water consumption were measured
(Bogo and Young, 1983) revealed a significant
reduction in feed and water consumption for
at least 2 days following administration of 24
ml/kg of S-DFM.

Alterations in neutrophil and lymphocyte
counts were compatible with early migration
of neutrophils to some extravascular site, per-
haps inflamed gastrointestinal tract or skin,
and depletion of lymphocytes due to stress and
adrenocorticosteroid release (Miale, 1977).
The alterations in serum electrolyte levels were
presumed to reflect altered renal function.

In conclusion, neither fuel appeared to be
highly toxic. Oral administration resulted in
renal and hepatic damage, as indicated by
morphologic alterations and changes in serum
chemical indicators of renal and hepatic func-
tion. S-DFM was slightly less toxic than P-
DFM, as evidenced by lethality, serum chem-
istry, and histopathologic lesions. Further
research is required to identify (a) the mech-
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anism of toxicity at the cellular and subcellular
level, and (b) the toxic chemical components
in these complex compounds.
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RABIN, B. M., W. A, HUNT, A. L. CHEDESTER AND J. LEE. Role of the area postrema in radiation-induced taste
aversion learning and emesis in cats. PHYSIOL BEHAV 37(5) 815-818, 1986.—The role of the area postrema in radiation-
induced emesis and taste avcrsion learning and the relationship between these behaviors were studiced in cats. The potential
involvement of neural factors which might be independent of the area postrema was minimized by using low levels of
ionizing radiation (100 rads at a dose rate of 40 rads/min) to elicit a taste aversion, and by using body-only exposures (4500
and 6000 rads at 450 rads/min) to produce emesis. Lesions of the area postrema disrupted both taste aversion learning and
emesis following irradiation. These results, which indicate that the area postrema is involved in the mediation of both
radiation-induced emesis and taste aversion learning in cats under these experimental conditions, are interpreted as being
consistent with the hypotheses that similar mechanisms mediate both responscs to exposure to ionizing radiation, and that
the taste aversion learning paradigm can therefore serve as a model system for studying radiation-induced emesis.

Emesis Taste aversion Radiation Cat

Area postrema

A conditioned taste aversion (CTA) is produced when a
novel tasting solution is paired with exposure to ionizing
radiation, such that the organism will avoid ingestion of that
solution at a subsequent presentation. In common with many
chemical toxins, irradiation not only will produce a CTA, but
will also cause vomiting in organisms that are capable of
making that response. Because the functional effects of a
CTA are similar to those of emesis, to limit the intake and/or
absorption of toxic substances, it has been proposed that
both CTA and emesis are part of a *‘gut defense system’’ that
functions to maintain internal homeostasis within the or-
ganism [6,7]. As such, it has been suggested that the CTA
paradigm can serve as a model system for the study of
emesis [18].

For the most part, the study of the neural mechanisms of
both emesis and CTA learning has focused on the role of the
area postrema (AP), the brainstem chemoreceptive trigger
zone, in mediating these behaviors [2, 4, 12-14]. If, as
suggested above, CTA and emesis are related behaviors in
the maintenance of internal homeostasis and if CTA can

serve as a model system for the study of emesis, then similar
neural mechanisms should be involved in the regulation of
both behaviors [16]. Because cats show both responses fol-
lowing exposure to ionizing radiation [9], they would seem to
provide the best animal model for studying the relationship
between CTA and emesis. However, while AP lesions in the
rat disrupt the acquisition of a CTA following exposure to
ionizing radiation [12-14], these lesions have been reported
to be ineffective in disrupting radiation-induced emesijs in the
cat [1,11]. In this regard, cats differ from both dogs and
monkeys in which AP lesions prevent radiation-induced
emesis [3, 8, 22].

It may be, however, that the AP mediation of the emetic
response to irradiation, like the CTA response [15], depends
upon the dose used. Compared to dogs, in which the ED,,, is
800 rads [5], and monkeys, in which the ED,y, is 600 rads
[10], the approximately 5500 rads needed to elicit consistent
emesis in the cat [1,11] is so high that other neural mech-
anisms unrelated to the AP may be involved. It may be that
AP lesions are not effective in disrupting radiation-induced

'We would like to gratefully acknowledge the assistance of Dr. Herbert L. Borison. who generously shared his knowledge of the procedures

for making area postrema lesions in the cat with us. We also wish to acknowledge the support of the Veterinary Medicine Department of
AFRRI for its invaluable assistance with the surgical and histological procedures. This research was conducted according to the principles
described in the *Guide for the Care and Use of Laboratory Animals’" prepared by the Institute of Laboratory Animal Research, National

Research Council.
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FIG. 1. Photomicrographs of representative sections of the brainstem of an intact cat showing the area postrema (A. **AP""). and a cat with

lesions of the area postrema (B).

emesis in cats, in contrast to the effects of the lesions on
vomiting in dogs and monkeys and on CTA learning in rats,
because the effective dose in cats is so high that other, non-
AP-mediated, mechanisms are brought into play.

An alternative hypothesis to account for these differences
in the effectiveness of AP lesions involves the possibility that
because the CTA is a conditioned response to a conditioned
stimulus while emesis is an unconditioned response to an
unconditioned stimulus, different neural mechanisms may
mediate the two responses to irradiation. Similarly the fail-
ure of AP lesiens to disrupt emesis in cats, in contrast to the
effectiveness of the lesions in disrupting CTA learning in rats
and emesis in dogs and monkeys, may be due to species
differences (e.g., [18]), in the role of the AP in mediating
these behaviors and to the fact that CTA learning is typically
studied in rats which are incapable of vomiting.

The present experiments were designed to evaluate the
role of the AP in radiation-induced emesis in the cat and its
relationship with CTA learning under conditions that might
be expected to minimize the involvement of neural mech-
anisms that are unrelated to the AP. These conditions in-
volved the use of low dose (100 rad) irradiation for CTA
learning and the use of head shielding for emesis. If the
neural mechanisms of CTA and emesis involve similar AP-
mediated mechanisms and if the dose and site of irradiation
are critical factors in accounting for the failure to observe an
effect of AP lesions on radiation-induced emesis in the cat,
then AP lesions should be equally effective in disrupting both
CTA learning and emesis under these experimental condi-
tions.

METHOD
Subjects

The subjects were 40 cats weighing 4.5-5.5 kg at the start
of the experiment. Twenty intact cats served as subjects for
the CTA experiment. An additional 3 intact cats and the 6
sham-operated cats served as subjects for the emesis testing.
All 11 cats with lesions of the AP participated first in the
CTA experiment and then, 2-4 weeks later, in the emesis
experiment. The cats were housed in individual cages in a
room with a 12:12 light:dark cycle. Food and water were

A.INTACT B.APLESION

200 ——— a‘— ]

180 -
160 [
140
120 - =
100~ |-~ |
80
60 |
40

PERCENT BASELINE INTAKE

20

ol

RAD SHAM RAD

FIG. 2. Taste aversion learning in intact cats (A) and cats with
lesions of the area postrema (B) following exposure to ionizing radi-
ation (100 rads at a dose rate of 40 rads/min). Test day intake is
presented as the percentage of conditioning day intake. Error bars
indicate the standard error of the mean.

continually available except as required by the experimental
protocol.

Surgery and Histology

Lesions were placed in the AP of 11 cats while 6 cats
served as sham operated controls. All surgery was per-
formed under sterile conditions using the procedures de-
tailed by Borison and his coworkers [1, 20, 21]. Briefly, the
cats were anesthetized with halothane and the AP was ex-
posed. The tissue was destroyed using a cautery probe under
direct visual control. For the sham-operated controls, the AP
was exposed but not cauterized. Following surgery, all cats
were given 3-4 months to recover from the effects of the
surgery before beginning behavioral testing.

At the conclusion of the emesis testing, all operated cats
were given an IV injection of T-61. They were then perfused
intracardially with isotonic saline followed by 10% formalin
saline. The brains were fixed in 10% formalin saline and 50
um sections were cut through the brainstem at the level of
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TABLE 1
EFFECTS OF RADIATION AND AP LESIONS ON CS INTAKE

Conditioning Day Test Day
Condition Intake (ml) Intake (ml)
Intact
Radiation 101.80 + 16.38* 50.25 = 13.60
Sham Exposure 102.50 = 17.76 106.70 + 15.57
AP Lesion
Radiation 76.00 + 12.63 97.56 + 12.88

*Mean + Standard Error of the Mean.

the AP and stained with thionin. Representative samples of
the brainstem of an intact and a lesion animal are shown in
Fig. 1.

Procedure

Taste aversions were established in cats using a modifi-
cation of the procedure described by Kimeldorf et al. [9].
Briefly, all cats were deprived of food and water starting 20
hr prior to the conditioning day. On the conditioning day they
were presented with a measured amount of the conditioned
stimulus (CS), either milk flavored with 5% vanilla extract
(v/v) or eggnog, for 1 hr, and their intake measured. In order
to make certain that the cats had sampled a sufficient quan-
tity of the CS to observe a CTA, any cat which did not show
an intake of at least 15 ml of the CS was excluded from the
experiment. Immediately following the drinking period, the
experimental cats were exposed to ionizing radiation using a
%Co source. The sham-irradiated control cats were carried
to the source, but not exposed. Four hr later, food and water
were returned for 24 hr. Food and water were then removed
for 20 hr before the test day. On the test day, the cats were
again presented with the CS for 1 hr and intake recorded.

For radiation-induced emesis, all cats were deprived of
food and water for 24 hr. One hr prior to the scheduled
exposure time, food and water were returned. The cats were
then exposed to a ®Co source and returned to their home
cages. All cats were monitored continually for emesis for 3-4
hr post-irradiation and intermittently for an additional 1-2 hr.
Those cats which did not vomit within this time period were
typically allowed to survive over night and their cages were
inspected for signs of emesis the following morning. All cats
were sacrificed within 24 hr following irradiation.

Radiation

For radiation exposure, the cats were placed in a clear
plastic restraining cage, and carried to a *°Co source. For the
CTA experiment, the cats were given a whole-body unilat-
eral exposure of 100 rads at a dose rate of 40 rads/min. For
the emesis experiment, the cats were given unilateral,
body-only exposures of either 4500 or 6000 rads at a dose
rate of 450 rads/min. Shielding for the head was provided by
combining lead bricks to a thickness of approximately 11 cm
in an “*L”’-shaped pattern, such that the shielding ran from
the shoulder of the cat on the side facing the source around
the front of the animal’s head.

Dosimetry was performed using a 3.3 ml Victoreen
chamber and using thermoluminescent detectors (LiF TLD
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TABLE 2
AP LESIONS AND RADIATION-INDUCED EMESIS IN CATS

Frequency Mean

Dose of Latency Range
Condition n (rad) Emesis (min) (min)
Intact 3 4500 3 106 60-178
Sham Operated 3 6000 3 86 52-120
3 4500 3 124 72-163
AP Lesion 4 6000 0 — —
7 4500 0 = —

100s) on a cat phantom. The dosimetry indicated that the
shoulders of the cat received an exposure of 4.6% of the total
dose, while at the base of the skull the exposure dropped off
to 2.5% and at the nose of the cat it was 1.4% of the total
dose. This means that for the 6000 rad irradiation, the
brainstem was exposed to a dose of approximately 150 rads
while the exposure level at the nose of the cat was only 80
rads. Therefore, the brains of the subjects were only exposed
to radiation doses well below the reported thresholds for
eliciting radiation-induced emesis.

RESULTS

The effect of AP lesions on the acquisition of a radiation-
induced CTA in cats is summarized in Fig. 2, which presents
test day CS intake as the percentage of conditioning day CS
intake. Exposing intact cats to 100 rads whole-body radiation
produced a significant decrease in CS intake relative to their
pre-exposure intake, 1(9)=5.42, p<0.001. In contrast, both
the sham-irradiated intact control cats, 1(9)=1.26, p<0.10,
and the irradiated cats with AP lesions, #(8)=1.74, p<0.10,
showed nonsignificant increases in CS intake on the test day
(Table 1). Analysis of the individual intakes of the irradiated
cats indicated that 9 of the 10 intact cats showed a test day
reduction in CS intake, while only 1 of the 9 cats with AP
lesions showed a similar reduction in intake.

The data on the effects of AP lesions on emesis produced
by body-only irradiation are presented in Table 2. Of the 9
control cats, all vomited within 3 hr following exposure to
either 4500 or 6000 rad doses of ionizing radiation. The major
difference between the two doses was the slightly shorter
latency in which emesis was observed following exposure to
the higher dose. There were no major differences between
the responses of the cats that had undergone the control
surgical procedures and those that had not. In contrast to the
controls, no signs of emesis were observed in any of the 11
cats with AP lesions.

Examination of the histological material of the operated
cats showed that the extent of the brainstem lesions was
somewhat variable, ranging from lesions that were restricted
to the AP to lesions that encompassed varying amounts of
surrounding tissue, including portions of the nucleus of the
solitary tract and the dorsal motor nucleus of the vagus.
However, because the AP was the only brainstem structure
that was consistently included within the region of tissue
destruction across all 11 operated cats, it seems reasonable
to infer that the disruption of the radiation-induced emesis by
these lesions must have involved the destruction of the AP;
although the participation of adjacent structures in this be-
havior cannot be completely ruled out.
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DISCUSSION

The present results on radiation-induced taste aversion
learning in the cat are in agreement with previous research
[9] showing that exposing cats to non-lethal levels of jonizing
radiation is sufficient to lead to the acquisition of a CTA. In
addition, these results clearly show that this behavioral re-
sponse to ionizing radiation is mediated by the AP in the
cat, as in the rat [12-14].

With regard to radiation-induced vomiting the present
data similarly show that lesions involving the AP and adja-
cent structures will disrupt the emetic response to ionizing
radiation under experimental conditions that have been de-
signed to minimize the involvement of brain mechanisms
that may be independent of the AP. In the present experi-
ment, these conditions were met by shielding the head of the
cat during irradiation. As such these results would be consis-
tent with the hypothesis that the high dose of radiation
needed to produce emesis in the cat, in contrast to the dose
needed in the dog or monkey [5,10], may activate mechanisms
that do not involve the AP in the regulation of the behvior.
This observation would be consistent with the results of
studies of CTA learning in the rat which have shown that AP
lesions are less effective in disrupting the acquisition of a
CTA when the radiation is restricted to the head of the or-
ganism [15]. Similarly, other research using rats has shown
that AP lesions are less effective in disrupting CTA learning
when the dose of a toxin (WR-2721) is increased to levels
much greater than required to produce a CTA [17].

These factors, the dose and site of irradiation, probably
account for the differences between the present data and the
data reported by Borison [1,11] who found that AP lesions
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had no effect on radiation-induced emesis. In his experi-
ments, high-dose, whole-body irradiation was used to
produce emesis. These conditions might be expected to
facilitate the involvement of mechanisms not restricted to the
AP in the regulation of emesis. In contrast, the partial-body
exposures used in the present experiments might be ex-
pected to minimize the involvement of such factors.

While some of the lesions in the present experiment did
extend beyond the borders of the AP, it is not likely that this
additional tissue destruction was a key factor in the observed
disruption of radiation-induced emesis for several reasons.
First, a comparison of the lesions which were restricted to
the AP with those that included additional tissue indicated
that there were no differences in the effectiveness of the
different lesions in producing disruption of the radiation-
induced emesis. Second, Harding er al. [8] have shown that
the disruption of radiation-emesis in the dog does not depend
upon the inclusion of brainstem tissue adjacent to the AP,
but is also observed when the lesions are completely re-
stricted to that structure. Therefore, it seems most likely that
the disruption of radiation-induced emesis in cats observed
in the present experiment resulted from the combination of
the AP lesions with the partial-body exposures.

The present results, which clearly show that lesions of the
AP in cats disrupt both emesis and CTA learning following
exposure to ionizing radiation, are consistent, therefore,
with the hypotheses proposed above that both radiation-
induced emesis and radiation-induced CTA learning are
mediated by the same neural structure. the AP, and that the
CTA paradigm cun be used as a model system for the study of
radiation-induced emesis.
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In the past, the toxicity of bacterial lipopolysaccharide (LPS) or its principal bioactive component,
lipid A, has detracted from their potential use as radioprotectants. Recently, a relatively nontoxic
monophosphoryl Lipid A (LAM) that retains many of the immunobiologic properties of LPS has
been isolated from a polysaccharide deficient Re mutant strain of Salmonella minnesota (R595).
The ability of the native endotoxic glycolipid (GL) from S. minnesota (R595) as well as diphosphoryl
lipid A (LAD) and nontoxic monophosphoryl lipid A (LAM) derived from GL to protect LPS
responsive (CD2F1 or C3H/HeN) and nonresponsive (C3H/Hel) mice from ®Co « irradiation
has been studied. Administration of GL, LAD, or LAM to CD2F| or C3H/HeN mice (400 ug/
kg) 24 h prior to exposure provided significant radioprotection. No protection was afforded to
C3H/Hel mice. Experiments were also conducted to determine the relative abilities of GL, LAD,
and LAM to stimulate hematopoiesis as reflected by the endogenous spleen colony (E-CFU) assay.
Protection was not correlated with the ability of these substances to increase E-CFUs or to induce
colony-stimulating activity (CSA). © 1986 Academic Press, Inc.

INTRODUCTION

Endotoxic lipopolysaccharide (LPS) has long been known to protect mice against
lethal doses of ionizing radiation (/, 2). In addition, LPS elicits numerous immuno-
biologic responses capable of enchancing host resistance to infectious agents (3) or
malignant tumors (4, 5). Several investigators have chemically or physically altered
the structure of native LPS in an attempt to reduce its toxicity while maintaining its
beneficial properties (6-8). Protection against ionizing radiation has been achieved
using LPS derivatives that have been detoxified by alkylation (9), emulsification (/0),
radiation exposure (7), treatment with chromium ions (8), and hydrolysis (/ /). Previous
studies using various LPS fragments obtained by sequential hydrolysis suggest that
the radioprotective properties of LPS are located principally within the polysaccharide
region of the molecule (11, 12). Furthermore, when glycolipid or lipid A fractions were
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used in radioprotection experiments, little or no increase in survival was observed
(11, 12).

In this communication we report some recent observations showing that endotoxin
obtained from a polysaccharide deficient Re mutant strain of Salmonella minnesota
(R595), sometimes referred to as endotoxic glycolipid (GL), markedly increased the
survival of CD2F1 and C3H/HeN mice exposed to lethal doses of ®°Co # irradiation.
More significantly, it was found that detoxified monophosphoryl lipid A (LAM) ob-
tained from S. minnesota (R595), described by Ribi and associates as a potent im-
munostimulatory agent (13, /4), also protected mice from the lethal effects of ionizing
radiation. In contrast to the GL parent, the increased survival afforded mice by pre-
treatment with detoxified lipid A was not correlated with its capacity to enhance the
proliferation of endogenous spleen colonies (E-CFU) following sublethal irradiation
or to induce plasma colony-stimulating activity (CSA).

METHODS AND MATERIALS

Mice. The male CD2F1 mice were obtained from Harland Sprague Dawley, Indianapolis, IN. The female
C3H/HeJ and C3H/HeN mice were purchased from the Jackson Laboratory, Bar Harbor, ME. Mice were
acclimated to laboratory conditions for 2 weeks before use. During this time they were quarantined until a
random sample was found to be free of histologic lesions of common murine diseases and water bottle
cultures (trypticase soy broth) of all animals were found to be free of Pseudomonas spp. Mice 10-14 weeks
old were used throughout. All animals were maintained on a 6 AM-6 pM light-dark cycle and were allowed
a standard laboratory diet (pellets) and acidified water ad libitum.

Radioprotectants. The endotoxic glycolipid (GL) from S. minnesota (R595) as well as diphosphoryl lipid
A (LAD) and the detoxified monophosphoryl lipid A (LAM) from this same organism were obtained from
RIBI Immunochem, Hamilton, MO. These substances were routinely dissolved at a concentration of 100
pg/ml in distilled water containing 0.5% triethylamine.

Irradiation. Mice were placed in Plexiglas boxes and irradiated bilaterally with *®Co v photons [1.17 and
1.33 MeV] at a midline tissue exposure rate of 1.0 Gy/min. The AFRRI Co-60 Facility consists of two
planar sources which were raised together to irradiate the mice bilaterally. To measure the midline tissue
dose rate, a tissue-equivalent ionization chamber, with calibration traceable to the National Bureau of
Standards, was placed midline in a plastic mouse phantom. The variation across the array of mice was
measured to be less than 1%, and the uncertainty in the dose measurements is about 5%. In protection
experiments mice received 0.1-0.2 ml of GL, LAD, or LAM intraperitoneally. Following exposure survival
was monitored for 30 days. Both before and after exposure mice were kept in boxes equipped with microfilter
tops to protect them from airborne infections.

In vitro assay of colony-stimulating activity (CSA). Ten micrograms of GL, LAD, or LAM werc injected
ip into male CD2F1 mice. Three hours later, the animals were anesthetized and bled retroorbitally into
heparinized tubes. Each plasma sample was obtained from the pooled blood of three mice. The pooled
plasma samples of normal and experimental mice were assayed for their ability to stimulate the growth of
bone-marrow-derived granulocyte-macrophage colonies by the double-layer soft agar technique (15). CMRL
1066 culturc medium for this procedure was prepared as previously described (16). Dosc-rcsponse curves
indicated that a 1:6 dilution of test plasma added as 10% (v/v) of total culture volume to the lower layer of
agar provided maximum colony-stimulating activity. Colony-stimulating activity was expressed as thc number
of colonies formed per 1 X 10° murinc bone marrow cells. Cultures were incubated at 37°C in a humidified
5% CO; atmosphere. Colonies of more than 50 cells were counted after 10 days of incubation. Four separatc
plasma samplcs were used to determine each value. Each culture was performed in duplicate.

Endogenous spleen colony assay (E-CFU). Endogenous spleen colony-forming units (E-CFU) were evaluated
by the method of Till and McCulloch (/7). CD2F1 mice were injected with 2.0 ug of GL, LAM, or LAD
intraperitoneally 24 h before exposure to 6.5, 7.0, and 7.5 Gy of total body irradiation from the ®Co source.
Ten days after exposure the spleens of irradiated mice were rcmoved and fixed in Bouin's fixative, and thc
number of macroscopic spleen colonies was counted. Two separate experiments were performed involving
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five animals per group. Data are expressed as the mean of the number of colonies found on the spleens of
10 animals, + the standard error of the mean (SEM).

RESULTS
Radiation Protection Experiments

The results presented in Table I which were analyzed using a chi-squared distribution
test show that intraperitoneal adminstration of 10-20 ug of endotoxic glycolipid (GL),
diphosphoryl lipid A (LAD), or detoxified monophosphoryl lipid A (LAM) conferred
significant protection to LPS-responsive CD2F1 and C3H/HeN mice when given
24 h before exposure to a lethal dose of radiation. No significant differences were
observed between the two doses employed or among GL, LAD, or LAM (P > 0.05)
in CD2F1 mice. On the other hand, no protection was afforded by these glycolipids
to LPS-nonresponsive C3H/HeJ mice. Although the detoxified LAM increased survival
of CD2F1 mice exposed to 10 Gy to about the same extent as the more toxic GL,
LAM was found to be more radioprotective than the latter substance in survival ex-
periments using the C3H/HeN mice (P < 0.005). Maximum protection using GL or
LAM in CD2F1 mice was achieved when these substances were given 24 to 48 h prior
to exposure (Fig. 1). Duplicate experiments were performed at each time using a total
of 20 mice per group. A two-way analysis of variance (GL or LAM vs time) was
conducted on the data presented in Fig. 1. There was no statistical difference between

TABLE 1

Radioprotection of Mice Using Endotoxic Glycolipid (GL), Diphosporyl Lipid A (LAD) and Dctoxified
Monophosphoryl Lipid A (LAM) from Sa/monella minnesota R595°

Mouse Dose No. animals Pcrcent
strain Compound (ug) surviving survival
CD2F1® LAM 10 43/50 86
LAM 20 15/20 75
LAD 10 45/50 90
LAD 20 27/30 90
GL 10 18/20 90
GL 20 8/10 80
Controls 0 0/30 0
C3H/HeN¢ LAM 20 10/10 100
LAD 20 3/10 30
GL 10 4/10 40
Controls 0 1/10 10
C3H/HeJ¢ LAM 20 0/10 0
LAD 20 0/10 0
GL 10 0/10 0
Controls 0 0/10 0

* Mice injected ip 24 h prior to exposure to **Co v radiation.
® CD2F1 mice received 10 Gy.
¢ C3H/HeN and C3H/HeJ mice received 9.5 Gy.
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FIG. 1. Effect of time of administration of GL or LAM (10 ug/mouse) on the survival of CD2F1 mice
exposed to 10 Gy *°Co v. Closed bars = GL treated; open bars = LAM treated.

GL or LAM although there was a significant difference over time (P < 0.01). Using a
Neuman-Keul comparison test, there was no significant difference between radiopro-
tection at 24 to 48 h, but there was a significant decrease for these two times in
comparison to treatment 72 h prior to irradiation.

Figure 2 compares the survival of untreated with GLY and LAM treated CD2F1
mice as a function of radiation dose. A minimum of 20 mice were used at each dose
of radiation. From these experiments the LDsg/39 dose for the untreated control mice
was found to be 9.39 Gy [95% of confidence limits = 9.29-9.49]. In the case of mice
receiving the parent GL, the LDsq/30 was shifted to 11.28 [10.93, 11.64], or a dose
reduction factor (DRF) of 1.20. For LAM the LDsq/30 was estimated to be 11.0 Gy
[10.75, 11.25] or a DRF = 1.17 using a probit analysis.
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FIG. 2. Effect of ¥Co ~-radiation dose on the survival of CD2F1 mice pretreated with GL or LAM. m,
Controls; A, LAM-treated mice; ®, GL-treated mice.
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Endogengous Spleen Colony Formation (E-CFU)

Table II illustrates the capacity of the three radioprotective glycolipids from S.
minnesota to stimulate the formation of endogenous spleen colonies (E-CFU) in ir-
radiated CD2F1 mice. Both GL and LAD markedly increased E-CFU content at all
three radiation doses studied, while no stimulation of E-CFUs was observed in mice
challenged with LAM.

Factors with Colony-Stimulating Activity (CSA)

The effect of GL, LAD, and LAM on the induction of plasma factors (CSA) which
stimulate the growth of granulocyte-macrophage colonies in vitro was also studied
(Table III). Table III was analyzed using a Mann-Whitney test with a Bonfferroni
allocation of Type I error (P = 0.05). There was no difference in the effects of GL and
DP at 3 and 6 h post infection. Both compounds significantly increased the plasma
level of CSA at these times. The plasma of mice challenged with LAM contained
significantly less CSA than those receiving either GLY or LAD.

DISCUSSION

The radioprotective effect of bacterial endotoxins has been known for over 30 years
(1, 2). Subsequent studies demonstrated that radioprotection could also be achieved
using “detoxified” endotoxin preparations (7-11). Collectively these studies suggested
that the locus for radioprotection is situated in a region of the endotoxin molecule
separate from that responsible for its toxicity. Evidence presented by Nowotny e¢f al.
(/1) and by Urbaschek (18) has tended to confirm this notion. Using derivatives ob-
tained by mild hydrolysis of Salmonella minnesota 1114 endotoxin it was shown that
the lipid A component conferred no radioprotection to mice (I7). On the other hand
the nontoxic polysaccharide fraction (PS) obtained from the same hydrolysate retained
a radioprotective activity approximately equal to that of the parent endotoxin. In
further experiments it was shown that the toxic activities of endotoxin could be se-
lectively neutralized using homologous antiserum directed at the lipid moiety, but
that the resulting “immune complex” was fully radioprotective (/2). These observations
also gave support to the notion that the PS region of molecule is the principal active

TABLE 11
Effect of GL, LAD, and LAM on E-CFU in Sublethally Irradiated CD2F1 Mice®

Radiation E-CFUs (d10)

dose :

(Gy) Controls GL LAD LAM
6.5 1.2+£1.2 140 £ 2.6* 8.8 +2.2* 0.2+02
7.0 0.6 +04 12.0 + 3.4* 7.6 +£24%* 0.2 +0.2
7.5 0.2+0.2 11.2 + 1.8* 5.0+ 1.8* 0.0+ 0.0

2 Mice received 2 pg of GL, LAD, or LAM 24 h prior to exposure to ®°Co + radiation. Each value is the
mean of ten determinations + SEM.
* P < 0.01 with respect to control using Student’s I test.
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TABLE IlI
Effect of GL, LAD, and 1AM on Plasma Colony Stimulating Factor (CSA) Levels in CD2F1 Mice?

No. of colonies

Time (h) Controls GL LAD LAM

3 0 706 57+ 6 9+4

6 4+2 62+9 44 + 10 155
24 0 103 0 0
48 0 0 0 0

* Mice received 10 ug GL, LAM, or LAD ip at ¢ = 0. Each value represents the mean of four determinations.
Errors are + SEM.

site responsible for radioprotection. Furthermore, endotoxic glycolipid isolated from
the polysaccharide-deficient rough mutant of S. minnesota (R595) was reported to
have a significantly diminished capacity to confer radioprotection (11, 12).

In contrast to the literature cited above we have found that relatively low doses
(400 ug/kg) of endotoxic glycolipid (GL) from S. minnesota conferred significant pro-
tection to endotoxin-responsive strains of mice (CD2F1 and C3H/HeN). The mag-
nitude of the dose reduction factor (DRF = 1.2) is approximately the same as that
achieved previously using endotoxin from smooth Salmonella typhosa (2). The results
of our studies employing endotoxic glycolipid and diphosphoryl lipid A from S. min-
nesota (R595) suggest that the radioprotective properties of lipopolysaccharide may
not be restricted solely to the PS region of the molecule. More significantly it was
found that the detoxified monophosphoryl lipid A from S. minnesota (R595) was
approximately equal to the parent endotoxin in its capacity to confer protection to
lethally irradiated mice. This confirms and extends the observations of Ribi and as-
sociates who showed that beneficial properties of lipid A can be uncoupled from its
toxic properties by removing a single phosphate group from the reducing end of the
glucosamine disaccharide unit (13, 14).

Although the precise mechanism by which endotoxins promote survival in irradiated
animals is not entirely understood, it has been generally accepted that increased survival
is associated with their ability to stimulate hematopoietic recovery (19, 20). Presumably,
this process is initiated by the action of endotoxin on reticuloendothelial macrophages
(21), triggering the release of humoral factors such as CSA (15, 22) that enchance stem
cell proliferation.

In this study both the parent glycolipid and the diphosphorlyl lipid A markedly
enhanced the formation of E-CFUs in irradiated mice. These substances also induced
elevated plasma levels of CSA within 3 h after administration. The detoxified mono-
phosphoryl lipid A (LAM), on the other hand, did not promote the formation of E-
CFU in the spleen and was much less effective than either GL or LAD in elevating
plasma levels of CSA. Nevertheless, LAM was found to be just as effective as GL. or
LAD in protecting against lethal doses of ®*Co radiation. Previous investigators have
also found that the ability of endotoxin to increase hematopoiesis in the spleen does
not necessarily correlate with increased survival following irradiation (23-25). It is
possible that E-CFUs in the spleen are not representative of changes in whole-body
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numbers of hematopoietic stem cells (26). On the other hand, it is also conceivable
that the radioprotective effect of the bacterial glycolipids as well as polysaccharides
(PS) used in previous studies may be unrelated to their ability to stimulate hemato-
poiesis and/or induce CSA. Along these same lines evidence has been reported sug-
gesting that the CSA-inducing component obtained from endotoxin hydrolysates is
not the same as the PS component eliciting radioprotection (/7).

Addison and Berry (27) have recently presented evidence suggesting that protection
of mice against lethal irradiation with serum mediators elicited by injection of endotoxin
is not solely dependent on the presence of CSA alone. Our observations showing that
LAM is radioprotective but does not stimulate E-CFUs and is only a weak inducer of
CSA suggest that bacterial glycolipids may exert their radioprotective effects by mech-
anisms other than hematopoietic stimulation. We are currently exploring the possibility
that bacterial lipopolysaccharides and glycolipids can elicit the production of endog-
enous radioprotective factors in vivo.

Although the DRF of 1.2 dctermined in this study for LAM is much lower than
those generally observed for aminothiols such as S-2-(3-aminopropylamino) ethyl-
phosphorothioic acid (WR 2721), the application of LAM in combination with ra-
diotherapy offers intriguing possibilities for treating tumors. There has been a great
deal of recent interest in using chemical agents to modify the sensitivity of neoplastic
vis-a-vis normal cells to obtain a selective advantage in radiation killing of tumors
(28, 29). It has already been reported that LAM administered in combination with
mycobacterial cell wall skeleton (CWS) causes tumor regression (/4). It is therefore
conceivable that LAM could be used to promote radiation-induced killing of neoplasms
while simultaneously conferring protection to normal tissues.
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STEVENS. K. E.. G. A. MICKLEY AND L. J. McDERMOTT. Brain arcas involved in production of morphine-induced
locomotor Iiyperactivity of the CS7B1/6J mouse. PHARMACOL BIOCHEM BEHAV 24(6) 1739-1747, 1986.—Previous
studies reveal a dose-dependent increase in locomotor activity of the C57B1/6J mouse after administration of morphine or
amphetamine. Concurrent partial lesions of both the dorsomedial caudate and lateral septal nuclei resulted in a significant
decrease in morphine-induced. but not amphetamine-induced, hyperactivity. Concurrent partial lesions of the nucleus
accumbens and stria terminalis produced only a nonsignificant decrease in the morphine-induced hyperactivity. Lesions of
the individual brain structures did not significantly affect the morphine-induced locomotor hyperactivity. Microinjections
of the opiate antagonist naloxone into discrele portions of the caudate and septal nuclei produced suppression of the
morphine-induced hyperactivity response without affecting the hyperactivity caused by amphetamine injections. Only a
slight suppression of morphine-induced locomotion was produced when naloxone was injected into the nucleus accumbens
and stria terminalis. These data suggest that portions of the caudate and septum may be involved in the mediation of

morphine-induced hyperactivity in the CS7BI/6J mouse.

Morphine Caudate nucleus Septal nucleus

Amphetamine

Locomotion Mice

MORPHINE, in high doses, produces immobility in most
species [4]. However, when administered systemically to
certain strains of mice, it evokes instead a dose-dependent
locomotor hyperactivity [12,26]. This hyperactivity is char-
acterized by a stereotypic “‘running fit"" [16], usually around
the perimeter of the cage, and is accompanied by an elevated
or “‘straub’ tail [12,16].

Several studies have attempted to idcntify brain areas that
might mediate opioid-induced locomotor hyperactivity.
Some of these experiments have implicated the nucleus ac-
cumbens as a primary locus of both morphine and cndorphin
actions. For examplc, locomotor hyperactivity follows the
injection of morphine or enkephalin into the nucleus accum-
bens of the rat [5,17]. Naloxonc reverses both of thesc ef-
fects [24]. Similarly, lesions involving the nuclcus accum-
bens partially block the morphine-induced locomotor
hyperactivity of the CS57BI/6]J mouse [26]. The behavioral
findings that have implicated the nucleus accumbens as a
partial mediator of morphine-induced locomotion are further
supported by immunohistochemical studies. Experimcnts
have isolated endorphins as well as large numbers of
enkephalin receptors, and beta-endorphin receptors in this
brain area [2, 7, 8, 20, 24, 25, 28-30].

However, the failure of the lesions of nucleus accumbens
to completely eliminate morphine-induced hyperactivity [26]

'Requests for reprints should be addressed 1o G. Andrew Mickley.
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suggests that other brain areas may also be partially involved
in the production of this behavior. Candidate nuclei include
several brain structures that arc connected to the nucleus
accumbens and also contain both beta-endorphin and
enkephalin and their receptors [3, 7, 20, 22, 24, 25, 28-30].
For example, some opioid-containing cells in the nucleus
accumbens project to the stria terminalis, including its bed
nucleus [14. 15, 31]). The accumbens is also anatomically
connected, both directly and indirectly (through the cells of
the A9 group), to the caudatc nucleus [14,31], which is
known to contain endorphins and enkephalins [1]. Massive
nucleus accumbens and septal connections have also bcen
reported as part of the brain’s endogenous opiate system [18].

Since the nucleus accumbens projects to the caudate, sep-
tum and stria tcrminalis (areas which contain opioid peptides
and their reccptors), one or more of the brain structures in
these systems may also be involved in the mcdiation of
morphine-induced locomotor hyperactivity. The present in-
vestigation sought to specify other brain areas involved in
the production of this behavior in the C57Bl/6J mouse.

EXPERIMENT 1

Ablation of brain structures that mediate morphine-
induced hyperactivity should reduce or eliminate this behav-
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FIG. I. Representative micrographs of lesioned brains. A and B are two different sections from the same brain, and show the lesion in both the
nucleus accumbens and stria terminalis target areas. C shows combined lesions of the dorsomedial caudate and lateral septal nuclei.

ioral response. In this experiment, bilateral lesions were
made in the nucleus accumbens, the stria terminalis, or a
combination of these areas. In other animals, bilateral le-
sions were made in the dorsomedial portion of the caudate
nucleus, the lateral septal nucleus, or a combination of these
two areas.

Method

The subjects were C57Bl/6] male mice (Jackson Labora-
tories, Bar Harbor, ME), weighing between 16 and 22 grams.
The mice were individually housed and were maintained on a
12-hour light/dark cycle (lights on at 6:00 a.m.). Purina ro-
dent chow and water were continuously available.

Bilateral lesions were placed either in (a) nucleus accum-
bens (ACCUM), (b) stria terminalis (STRIA), (¢) nucleus
accumbens and stria terminalis (ACCUM + STRIA), (d)
dorsomedial portion of the caudate nucleus (CAUD), (e) lat-
eral septal nucleus (SEPT), or (f) dorsomedial caudate and
lateral septal nuclei (CAUD + SEPT). Stereotaxic surgery
was accomplished using atropine sulfate (0.4 mg/kg, IP) as a
pre-anesthetic treatment and also sodium pentobarbitol (75
mg/kg, IP) anesthetic. Methoxyflurane was used as an auxil-
iary anesthetic. Bilateral lesions were placed using the fol-
lowing coordinates: ACCUM—anterior-posterior (AP) +1.0
mm from bregma, lateral (LAT) +0.9 mm from midline, and
depth (DEP) —4.2 mm from skull; STRIA—AP bregma, LAT
+0.6 mm, and DEP —4.0 mm; ACCUM + STRIA—AP +0.6
mm, LAT +0.6 mm and DEP —4.5; CAUD—AP bregma,
LAT 1.5 mm DEP —2.5 and 3.3 mm; SEPT—AP bregma,
LAT +0.5 mm DEP -2.5 and —3.3 mm; and CAUD +
SEPT—AP bregma, LAT =1.0 mm DEP —-2.5and —3.3 mm.
All coordinates were determined by using a mouse
stercotaxic atlas [23]. The lesions were made at two different
depths in animals with CAUD, SEPT, and combined CAUD
+ SEPT lesions in order to achieve an elliptical lesion rather
than a spherical lesion. Lesions werc produced by passing a
1.5 mA current through a 0.27-mm enamel-coated nickel-
chromium wire for 7 seconds. This produced a Icsion approx-
imately 0.6 mm in diameter. Animals were allowed to re-
cover for a minimum of 1 week before postsurgical testing
began.

Activity was measured on Columbus Instruments’
Animal Activity Monitors Automex D and Automex 2 SDII
(Columbus Instruments, Columbus, OH). Prior to surgery,
baseline activity was measured in the following manner: on
the first day of baselines, each animal received an injection

TABLE 1

MEAN CHANGES* IN LOCOMOTOR ACTIVITY “DIFFERENCE
SCORES™t AFTER BRAIN LESION(S): SECOND 30-MINUTES
OF RECORDING

Brain Lesion Site Morphine Amphetamine ~Saline

Nucleus Accumbens 926 ~142 370

Siria Terminalis -214 —783 35

Nucleus Accumbens and —48 160 —138
Stria Terminalis

Caudate Nucleus 798 951% -44
(dorsomedial)

Lateral Septal Nucleus 576 813% -147

Caudate (dorsomedial) and —1062% 360 -237

Lateral Septal Nuclei

*Post-surgical locomotion minus pre-surgical locomotion.

tDifference score=activity recorded aftcr an injection of saline,
morphine or amphetamine minus activity after an initial saline injec-
tion (baseline).

1p<0.05, Newman-Keuls. For purposes of this table we present
only the results of the Newman-Keuls analysis of pre- vs. post-
surgical locomotor activity (here represented by the change statis-
tic). The actual Newman-Keuls comparison included pre- and post-
surgical activity after all 3 drug treatments within each lesion group
only (thercfore, a total of 6 groups were involved in each post-hoc
analysis).

(IP) of saline followed by a S-minute waiting period and two
30-minute periods of recorded locomotor activity. Im-
mediately following the baseline activity readings, micc re-
ceived a second IP injection of 30 mg/kg morphine sulfate, or
4 mg/kg amphetamine sulfate (which produced nonopiate
mediated hyperactivity), or saline. Again. there was a
S-minute waiting period followed by two more 30-minute lo-
comotor activity recordings. On thc two following days,
cach animal received one of the other remaining drug solu-
tions as the second injection. The order of drug presentation
was randomized for each animal. Activity data from these
three combinations of saline and drug injections (saline/am-
phetamine, saline/morphine, saline/saline) constituted the
baseline measurements.

Postsurgical tcsting was performed in the same manner as
presurgical baselines. Each animal received the three drug
solutions (IP) following the saline injection (IP), one each
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FIG. 2. Average change in locomotor activity counts after experi-
mental drug injections (counts after the drug injection minus counts
after initial saline injection) for each drug used (amphctamine 4.0
mg/kg, morphine 30 mg/kg or saline). Data presented are for the
second 30 minutes of activity recorded. Bars show averagc activity
changes both before and after surgery for the two combination brain
lesion areas: (1) nucleus accumbens and stria terminalis (ACCUM +
STRIA), and (2) dorsomedial caudate and septal nuclei (CAUD +
SEPT). Variability indicators are the standard error of the means.

day. over the coursc of 3 days of testing. A randomized
pattern of order of drug presentation was used for each
animal.

After completion of testing, animals were sacrificed by
perfusion, and brain tissue from cach was sliced. The tissue
was stained with thionin and lesion placements were ver-
ified. Only animals with well-defined bilateral lesions were
retained in the experiment which resulted in the following
distribution of lesion placements: ACCUM, (N=10);
STRIA, (N=15); ACCUM + STRIA, (N=13); CAUD,
(N=12): SEPT, (N=16); and CAUD + SEPT, (N=22). The
lesions were, for the most part, discrete, but in some cases
slight damage to adjacent structures had occurred. However,
damage to other structures was random and slight, relative to
the bulk of the lesioned area (see Fig. I).

Data were analyzed using differcnce scores (activity after
second injection of saline, morphine, or amphetamine minus
activity after the initial salinc injection). This was done to
control for any hyperactivity caused by the injection proce-
dures. Difference scores were computed for both time
periods (first and second 30 minutcs of activity recorded
after injections) for presurgical baselines and postsurgical
testing. The data were analyzed separately for the first and
second 30 minutes of activity by 2, 3-way analyses of vari-
ance: (F)—lesion site by drug (second irjection) by pre- or
postsurgery. Newman-Keuls a posteriori tests were per-
formed to locate specific differences between means [11]. In
some instances, /-tests werc performed if they were more
applicable to’ the data. An alpha level of 0.05 was adopted
throughout.

Results

Statistically significant differences occurred with respect
to the interaction of lesion site and drug injection at both
time frames: F(12,170)=2.59, p<0.003, for the first 30 min-
utes of activity, and F(12,170)=2.905, p<0.003, for the sec-
ond 30 minutes of activity (see Table 1).

During the first 30 minutes of behavioral testing,
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amphetamine-induced increases in activity were observed
postsurgically in CAUD, SEPT, and CAUD + SEPT animals
(p<0.05, Newman-Keuls). Thcse were the only statistically
significant changes in locomotion observed in this early time
period.

During the second 30 minutes of activity, morphine-
injected animals with CAUD + SEPT lesions showed a sig-
nificant decrease (p<<0.05, Newman-Keuls) in locomotor ac-
tivity, comparcd to morphine-stimulated activity before le-
sioning. In these same animals, amphetamine induced a
small nonsignificant incrcase in activity postsurgically com-
parcd to presurgical amphctamine-induced hyperactivity,
the drug’s effcct was potentiated after CAUD, SEPT, lesions
(»<0.09).

ACCUM + STRIA lesioned mice displayed a slight non-
significant postsurgical reduction in morphine hyperactivity,
which was not reflected in amphetamine-induced hypcrac-
tivity. Individual Icsions of the STRIA. and ACCUM
produced nonstatistically significant changes in both mor-
phine- and amphetamine-induced locomotor hyperactivity.

To verify that systemic injcctions of morphine and am-
phetamine caused an increase in locomotor activity in the
C57Bl/6] mouse, r-tests were performed on the baseline
(presurgical) differcnce score activity counts for morphine
and amphetamine compared to saline control injections. As
expected, the results show a significant increase in locomo-
tor activity for both drugs (p<0.001 for both).

Discussion

This study reveals two different brain regions that may be
involved in the mediation of morphine-induced hyperactiv-
ity: the dorsomedial caudate and lateral septal nuclei. Com-
bined lesions of the dorsomedial caudate and lateral septal
nuclei (CAUD + SEPT) caused a reduction in morphine-
induced hyperactivity. This reduction cannot be described as
a generalized lethargy since no similar postsurgical decrease
was seen in the saline or amphetamine responses; indeed, in
these animals a trend was seen towards an increase in am-
phetamine hyperactivity, although statistical significance
was not achieved. The lesioned brain areas that produced
decrements, corresponded very closely to areas known to
contain opiatc receptors (primarily enkephalin) [1,28]. It may
be that the CAUD + SEPT lesions destroyed the
endorphinergic neurons that partially mediate the morphine-
induced locomotor response. These arcas arc probably not
solely responsible for the mediation of morphine-induced
hyperactivity, since ablation did not totally eliminate the
morphine response, but only reduced it.

Combined partial CAUD + SEPT lesions produced a
statistically significant reduction in morphine-induced activ-
ity while similarly-sizcd lesions of the individual areas did
not. It may be the case that lesions of either the CAUD or
SEPT alone leave cnough opioid receptors intact (in other
brain areas) to maintain the hyperactivity observed after
morphine administration. Alternatively, the two brain areas
may work in a synergistic way to produce this drug-induced
locomotor hyperactivity response.

ACCUM + STRIA lesions produced a small decrease in
morphine-induced hypcractivity and failed to block
amphetaminc-induced locomotion. This latter result is simi-
lar to that described in rats after anterior nucleus accumbens
lesions [32]. In addition, large kainic acid lesions, which de-
stroyed portions of the striatum and nucleus accumbens,
also apparently spared amphetamine-induced locomotion
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while attenuating morphine-stimulated activity [21]. Thus. it
may be the case that the present lesions spared dopaminergic
neurons while damaging at least a portion of the
endorphinergic neurons in the region. The results of the
present study are somewhat inconsistent with other data
[10,26] that have demonstrated a significant reduction in
amphetamine-stimulated locomotion after lesions of the
posterior nucleus accumbens. However, direct comparisons
between the 2 studies are not justified since the lesions of the
present study werc more posterior (consistently involving
the stria terminalis) than those previously reported [26].

EXPERIMENT 2

Experiment | established two brain areas which seemed
to be involved in mediation of morphine-induced hyperac-
tivity: the dorsomedial caudate and the lateral septal nuclei.
In addition, the nucleus accumbens and stria terminalis area
may be involved [21,26]. As further verification of the role of
these areas in the mediation of morphine-induced activity.
naloxone, an opiate antagonist, was microinjected into the
caudate and septal nuclei or the nucleus accumbens and stria
terminalis of mice that had also received an intraperitoneal
injection of morphine.

Method

The subjects were again C57BI/6J male mice (Jackson
Laboratories, Bar Harbor, ME) and were housed in the same
manner as Experiment 1.

The mice were surgically implanted, bilaterally, with 23-
gauge stainless-steel guide cannulas aimed at both the nu-
cleus accumbens and stria terminalis (ACCUM + STRIA),
or at both of the dorsomedial caudate and lateral septal nu-
clei (CAUD + SEPT). Because of the proximity of the lateral
ventricles to both implant areas. a third group of mice was
added in which guide cannulas were directed into only the
lateral ventricles (VENT). This was done to control for the
effect of possible backwash of intracerebrally injected solu-
tions up the guide cannulas into the lateral ventricles and
traveling to other brain structures. Stereotaxic coordinates
for the placement of cannulas were: ACCUM + STRIA—
anterior-posterior (AP) +0.6 mm from bregma, lateral (LAT)
+0.6 mm from midline; and depth (DEP) —4.0 mm from
skull; VENT—AP +0.6 mm, LAT =0.6 mm and DEP —3.0
mm and CAUD + SEPT—AP +0.6 mm. LAT =2.8 mm and
DEP —2.5 mm. Coordinates were determined using a mouse
stereotaxic atlas [23]. In order to effect intracerebral injections
to both the caudate and the septal nuclei, an angular placement
of guide cannulas was used as well as two different lengths of
injection cannula. The guide cannulas were placed at an
angle of 30 degrees to the vertical midline plane. Surgery was
accomplished using atroping sulfate (0.4 mgkg, [P
presurgically and sodium pentobarbitol (75 mg/kg, 1P) anes-
thetic. Methoxyflurane was also used as an auxiliary ancs-
thetic. Mice were allowed a minimum of 1 week recovery
from surgery before testing.

Activity was measured using Columbus Instruments’
Animal Activity Monitors Automex D and Automex 2 SDII.
Intracerebral injections were made using a 30-gauge injection
cannula attached to a Hamilton microliter syringe inserted
into a Stoelting syringe assembly with a Starrett Micrometer
head. Injection cannulas for mice with ACCUM + STRIA
and VENT implants extended 0.5 mm beyond the end of the
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guide cannulas. Intracerebral injection volumes for these
two groups were | wul per cannula (hemisphere).
Intracerebral injections in the CAUD + SEPT group were
made at two depths (0.5 mm and 1.5 mm beyond the end of
the guide cannula) to introduce the drug into both the cau-
date and septal nuclei. Injcctions in this group were 0.5 ul
per injection per depth, or a total of I ul per hemisphere.
Injection cannula were left in the guide cannulas for 30 sec-
onds following injections of the solution to allow complcte
delivery of the dose.

On the first day of testing, each animal received an intra-
peritoneal injection of 30 mg/kg morphine sulfate, 4 mg/kg
amphetamine sulfate or saline, followed immediately by 30,
I-minute activity readings. Then an intracerebral injection of
1 g naloxone in 1 ul saline or saline alone was administered
[12], and 45 l-minute activity readings were taken im-
mediately following completion of the injection. On each of
the following 5 days. each animal received one of the follow-
ing combinations of intraperitoneal plus intracerebral injec-
tions: saline plus saline, saline plus naloxone, morphine plus
saline, morphine plus naloxone, amphetamine plus saline, or
amphetamine plus naloxone. Each animal received all six
combinations of intraperitoneal and intracerebral injections
during the course of the testing period. The order of presen-
tation was randomized for each animal.

At the completion of testing, 1 ul of Evans Blue dye was
injected into each cannula. Mice were sacrificed by decapi-
tation, and the brain quickly dissected out and frozen in
freon 12. The frozen tissue was sectioned, and drawings and
photographs of the spread of dye were taken to verify the
cannula placement and the relative diffusion of fluid into thc
brain (see Figs 3-5). Only animals with **dye-marked’” tissue
corresponding closely to target areas were retained in the
experiment. After elimination of animals with inaccurate
“‘dye-marked’" areas, the following animals were retained in
the experiment: ACCUM + STRIA, (N=10);: CAUD +
SEPT (N=7); and VENT (N=12). Examination of ACCUM
+ STRIA placements showed an area of dye approximately
0.5 mm in diameter centering in the ACCUM + STRIA area,
with some extension into the anterior commissure. VENT
implant animals had dye only in the ventricles, primarily the
lateral, but with some diffusion into the third ventricle.
CAUD + SEPT implant animals had areas of dye extending
angularly from the medial caudate into the lateral septal area
but. surprisingly, no dye in the lateral ventricles. The entire
length of the dye area in the CAUD + SEPT group was
approximately 1.5 mm with a diameter of about 0.4 mm. The
most posterior portions of the “*dye-marked’” tissue occa-
sionally extended into the edges of the STRIA.

Data analysis was performed on individual activity scores
for each fifth minute (from S to 45 minutes after injection).
Data were analyzed by 2-way analysis of variance (F), drug
(intracerebral) by time (after intracerebral injection) for each
implant area, for each intraperitoneal drug injection.
Newman-Keuls a posteriori tests [11] were used to locate
specific differences between means. In order to compare the
effects of 1P saline plus 1C naloxone against 1P saline plus 1C
saline (to ascertain any depressant effects of naloxone
alone), r-tests were performed on data accumulated in the
following way. For each animal, under each drug condition,
scores for the Sth, 10th, 15th . . . 45th minute of activity were
summed to yield two total scores (saline versus naloxone
effects) for each animal. These scores were then analyzed by
a f-test for matched pairs. Again, an alpha level of 0.05 was
adopted throughout.
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Results

Naloxone, injected in the CAUD + SEPT area, produced
a significant suppression of peripherally induced morphine
hyperactivity, F(8,102)=5.149, p<0.0l, but not
amphetamine-induced hyperactivity (see Fig. 3). This de-
crease in activity following morphine plus naloxone injec-
tions was apparent at the Sth minute following intracerebral
injection, and it continued through the 25th minute (p<0.001
for the Sth, 10th, and 15th minutes, p<0.002 for the 20th
minute, and p<0.001 for the 25th minute; Newman-Keuls).
At the 30th minute, and minutcs thereafter, morphine plus
naloxone activity was not significantly different from activity
after morphine plus saline. Naloxone injections in the
ACCUM + STRIA or VENT failed to significantly alter
morphine-induced locomotion (see Figs. 4,5).

Intracerebral naloxone did not significantly alter the pe-
ripherally induced amphetamine hyperactivity of any group
(as compared to IC saline), F(3,442)=0.756, p=0.84.

Intracerebral naloxone, in and of itself, did not alter spon-
taneous (IP saline injcction-induced) activity, and
intracerebral saline also did not. As expected, intraperito-
neal injections of morphine or amphetamine significantly in-
creased locomotor activity over that of saline controls,
F(2,52)=48.445, p<0.00].

Discussion

Intracerebral injections of naloxone significantly sup-
pressed morphine-stimulated locomotor activity in animals
with the CAUD + SEPT implants but not in the subjects with
ACCUM + STRIA or VENT implants animals. However, a
small (not statistically significant) decrease was observed in
the ACCUM + STRIA lesioned group. These quantitative
representations of activity were corroborated by behavioral
observations. After intracerebral naloxone challenges to
morphine-induced locomotion, VENT implant mice contin-
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ued to exhibit the ‘‘running fit"" and straub tail associated
with morphine hyperactivity; they just ran a little more
slowly. ACCUM + STRIA animals showed a decrease in
morphine stereotypic behavior, with short periods of rearing
and grooming interspersed throughout the “‘running fit.”
During the period of greatest suppression of activity, the
CAUD + SEPT implanted mice exhibited almost no
stereotypic behavior at all. Thcy groomed, reared, and
somctimes explored but they did not exhibit the elevated
straub tail response. Some mice rested with eyes closed in
the nest area of the home cage. Later (approximately 25 to
30 minutes), the stereotypic running returned, so that by the
end of the 45-minute period they were behaviorally indistin-
guishable from the mice injected with intraperitoneal mor-
phine plus intracerebral saline.

The suppressant effect of naloxone was limited to the

morphine response and did not affect the amphetamine-
induced hyperactivity in any group. The small decrease in
amphetamine activity scen late in the CAUD + SEPT im-
plant animals was also observed after intraperitoneal am-
phetamine plus intracerebral saline injections, and may rep-
resent a wearing off of the amphetamine hyperactivity.
These animals seemed to slow down from the amphctamine
hyperactivity and spend more time in the ncst area, but did
not go to sleep.

The possibility that naloxone alone is a depressant was
eliminated by the lack of difference in activity between in-
traperitoneal saline and intraperitoneal saline plus
intracerebral naloxone activity counts. Intracranial pressure
caused by microinjections into the brain was also eliminated
as a possible explanation for the reduction in morphine
hyperactivity, since no difference was seen between the lo-
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comotor activity of mice injected with intraperitoneal saline
alone and those that received intraperitoneal saline plus
intracerebral saline.

GENERAL DISCUSSION

Destruction of caudate and septal neurons as well as in-
jection of naloxone to the same sites produced significant
decreases in morphine-induced locomotor hyperactivity, al-
though neither procedure completely eliminated this re-
sponse. It remains unclear whether ablation of a greater
number of endorphinergic neurons in thts area, or injection
of more naloxone, would reduce morphine-induced locomo-
tion to premorphine levels. It is known that morphine-
induced hyperactivity in C57 mice may depend on
dopaminergic mechanisms. For example, morphine injec-

tions stimulate dopamine receptors in C57B1/6J mice [27] and
increase dopamine release in the striatum [19]. The results
from experiment | indicate that dopamine and norepineph-
rine receptors were functional since amphetamine activity
was not diminished significantly by any of the lesions.
Perhaps this may account for the inability of any lesion to
fully eliminate the morphine-induced hyperactivity.

The present experiments did not demonstrate significant
reductions in morphine- or amphetamine-induced hyperac-
tivity after either lesions of the ACCUM + STRIA or
naloxone injections in these brain areas. However, the litera-
ture suggests a role for these structures in opiate-stimulated
locomotion [26]. The current studies may not be directly
comparable with those of Teitelbaum er «l. since the present
lesions were more caudal.

[t is possible that all four areas (the nucleus accumbens,
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the stria terminalis, the dorsomedial caudate, and the lateral
septal nuclei, which are interconnccted [1, 14, 15, 18] and all
contain endorphins) are neccssary for full mediation of the
morphine-induced hypcractivity effect. This suggestion is in
consonance with thc findings of a rccent experiment in which
kainic acid lesions involving portions of the striatum and
nucleus accumbens apparently produced a near-complete
reduction in morphinc-induced locomotion while sparing
amphetaminc-stimulated activity [21]. Anothcr study has
proposed, for examplc, that activity is divided into two
parts—fine and gross motor activity—and that these two
typcs of activity are mediated by differcnt opiate receptor
subpopulations [6]. The cutrent data are consistent with this
theory. The areas of caudate and septal nuclet studied con-
tain primarily enkephalineregic ncurons, which could indi-
cate high concentrations of delta receptors [28,29]. The nu-
cleus accumbens and stria terminalis areas contain more
endorphinergic neurons than enkephalinergic neurons {2, 8,
28. 29]. This may indicate large numbers of mu receptors.
Perhaps both regions are involved in the mediation of the
hyperactivity induced by morphine, with the neurons of one
region controlling predominantly fine activity and the
neurons in the other controlling predominantly gross activ-
ity. This speculation concerning the possibly different role of
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optate receptor subtypes is consistent with a recent report
revealing that selective mu recepor antagonism produces
only a partial reduction of morphinc-induced hyperactivity in
the C57Bl/6J mouse [9].
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Preliminary evaluations of the DT-236/PD U.S. Army battlefield personnel
dosimeter were performed at the Armed Forces Radiobiology Research Institute
(AFRRI) from the summer of 1984 to the spring of 1985. This personnel dosimetry
system is being procured by the U.S. Army for use by combat forces in theaters of
operation where tactical nuclear weapons could be used.

In operation, the wristwatch-style dosimeter is worn by a soldier to record both
instantaneous and residual gamma and neutron radiations that are released from
the detonation of a nuclear weapon, plus gamma radiation from fallout. The
dosimeter contains a block of radiophotoluminescent glass as the gamma detector
and a silicon diode as the neutron detector. Properties of these detectors have
been described in various review articles (1). The reader unit simultaneously
evaluates both of the radiation detectors and presents a total dose reading on a
panel meter.

Earlier tests of this dosimetry system at the U.S. Army Pulsed Radiation Facility
at Aberdeen Proving Ground, Maryland, were reported by Basso (2). Other
calculational evaluations of this dosimetry system have also been done (3). The
present report describes AFRRI results of the irradiation of DT-236/PD dosimeters
with (a) reactor-produced neutron and gamma radiations to simulate a nuclear
detonation and (b) cobalt-60 gamma radiation to simulate nuclear fallout.

MATERIALS AND METHODS

About 500 RADIAC detectors DT-236/PD and 1 prototype RADIAC computer
indicator CP-696/UD were obtained from the U.S. Army Communications-
Electronics Command, Fort Monmouth, New Jersey. The CP-696/UD reader unit
was of the original analog readout type (4) as shown in Figure 1. Nameplate
information on the reader was type 3146Y, serial 19, with no modifications. The
DT-236/PD dosimeters used in the tests had serial numbers between 005400 and
006594.

To operate the CP-696/UD dosimeter reader, a 24-volt DC laboratory power supply
was connected to the power input. Readout from the CP-696/UD was taken from
the analog panel meter and from a digital voltmeter connected internally in
parallel with the analog panel meter. The use of a digital voltmeter allowed more
rapid and precise readings to be made, and allowed estimation of those readings
that were off-scale on the analog meter. Before using this technique, it was
verified that the digital voltmeter connected to the analog meter did not change
the reading of the meter. Also, a calibration curve for the voltmeter was
constructed by comparing concurrent analog and digital meter readings. This curve
was found to have two linear segments descrited by the following equation:

2+1441xV (V< 0.172 volts)
Dose (rads) =
-518 + 4443 x V (V> 0.172 volts)



DT-236/PD

Figure 1. DT-236/PD dosimeter and CP-696/UD reader

Calibration and operating procedures for the reader unit were taken directly from
the technical manual (4). These procedures give a single total (neutron plus
gamma) dose reading in rads for each dosimeter. To attain separate evaluations of
the neutron and gamma doses, a second read cycle was required. This second cycle
was done with the reader unit set to the "gamma test" position. In this position, a
gamma-only readout of the dosimeter was attained. The neutron component of the
total reading was then obtained by subtraction.

Radiation sources for these tests were the AFRRI Cobalt-60 Whole-Body
Irradiation Facility (5) and the TRIGA Mark-F Nuclear Reactor (6). Reference
dosimetry measurements were performed as described in reference 7, using a
tissue-equivalent ionization chamber with flowing tissue-equivalent gas and a
magnesium chamber with argon.

The cobalt-60 irradiations were carried out in a unilateral mode at 0.40 Gy/min.
The dosimeters were free in air; that is, no phantom or backscattering material
was used for the cobalt-60 irradiation. For reactor iiradiation, the dosimeters
were mounted on the surface of a cylindrical lucite phantom 30 em in diameter and
60 cm tall. Eight dosimeters were arranged in a 10-cm-diameter array on a curved
phantom surface facing the reactor. The entrance surface of the phantom was
located 85 c¢m from the reactor tank wall, and a 15-em-thick lead shield was
positioned midway between the phantom and the tank wall. The dose rate on the
phantom surface was 0.55 Gy/min with a neutron-to-gamma ratio of 5.0; i.e., 17%
of the dose on the phantom surface was due to gamma rays. The neutron and
gamma-ray free-in-air energy spectra and spatial variation are shown in Figures 2
and 3a,b.
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RESULTS
DOSIMETER READER

During initial tests, the calibration readings of the dosimeter reader were checked
after every few dosimeters. These readings proved to be very constant, and the
calibrations did not have to be adjusted if the unit had been powered ON for 24
hours. During the first 24 hours after turning the unit on, frequent calibration
adjustments were necessary.

The reproducibility of sequential readings of the same dosimeter was within +5%
except for oceasional aberrant readings markedly lower than expected. Because of
this, the dose received by a dosimeter was usually taken to be the median of three
sequential readings. The cause of the occasional low readings was not positively
identified. Firmly holding the read-switch in position during the read cyele did
lessen the number of aberrant readings.

DOSIMETER PREIRRADIATION READINGS

All nonirradiated dosimeters tested gave a nonzero dose reading. Individual
dosimeter readings ranged from 20 to 60 rads total dose. Figures 4a,b,c summarize
the readings of 70 nonirradiated dosimeters that were later used in further tests.
These baseline or predose readings of the dosimeters could have been reduced by
appropriate adjustments of the reader unit zero-levels. However, for the initial
tests described in this report, no further zero-level adjustments were made.
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Figure 4a. Readihgs of 70 nonirradiated dosimeters. Total dose: average 37.8
rads, SD 8.9 rads.
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Figure 4c. Readings of 70 nonirradiated dosimeters. Neutron dose: average
18.5 rads, SD 7.1 rads.



Lower limits of detection (LLD) of the DT-236/PD dosimetry system can be
inferred from observed variability of predose readings. Following the convention
of U.S. Nuclear Regulatory Commission Regulatory Guide 8.14, "Personnel Neutron
Dosimeters," the LLD is defined as follows:

LLD =4.66 VN - S

where N is the number of dosimetry exchange periods in a calendar quarter (N = 1
in the present case) and S is the standard deviation (SD) of the normal background.
Using the data in Figures 4a,b,c, the LLD of the DT-236/PD system is 33 rads
neutron, 32 rads gamma, and 41 rads total dose.

COBALT-60 IRRADIATION

Dosimeters were irradiated with cobalt-60 gamma rays to doses of 500 rads, 100
rads, and 25 rads. The dosimeters were evaluated just after irradiation and at
various times through the next 5 days. Figures 5a,b,c show the dosimeter gross
readings uncorrected for baseline readings. The cobalt-60 data display the
expected increase in phosphate glass gamma reading over the first day post-
irradiation followed by a plateau or slow fading of readings. The variability of
response between individual dosimeters, as determined from the five 500-rad
dosimeters, was +20% (2 SD) at most times, with larger variability of +30%-40%
observed within the first 2 hours after irradiation. The average gross response of
the 500-rad dosimeters was higher than the delivered doses by +12% to +44% over
the course of the measurement period. Correction for baseline readings would
reduce this overresponse only slightly. *
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Figure 5a. Readings of dosimeters irradiated with cobalt-60 at 500 rads. Data
in Figures 5a,b,c are gross gamma readings, uncorrected for baseline
preirradiation readings. Symbols represent separate dosimeters.
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REACTOR IRRADIATION

Three reactor runs were performed with the delivered doses on the surface of the
phantom listed in Table 1.

Table 1. Delivered Doses at Surface of Phantom

Dose (Rad)
Run Number Gamma Neutron Total
1 10 51 61
2 48 242 290
3 152 757 909

Eight dosimeters were irradiated in each run. The average response of the
dosimeters is shown in Figures 6a,b,c. In these graphs, the average gamma,
neutron, and total readings of nonirradiated dosimeters (Figure 2) have been
subtracted. Thus the graphs represent net dosimeter readings. Error bars in these
graphs indicate the 95% confidence interval (2 SD) determined from the eight
dosimeters in each group.

The data displayed in Figures 6a,b,c show an overresponse to gamma radiation as
observed for cobalt-60 irradiations and, generally, an underresponse to neutron
radiation. These opposing biases resulted in total dose readings of the dosimeters
that were reasonably accurate. The data also show the loss of neutron reading or
fading with time after irradiation. The neutron fading over 13 days was 10%-15%
for each of the three dose groups. It is of interest that the initial loss of neutron
signal is at least partially compensated for by the increase in gamma signal, so that
the total dose readings remain relatively constant for several days after
irradiation.

Finally, Figures 6a,b,c show that the precision of the neutron dose readings was
noticeably better than that of the gamma dose readings. For the two high-dose
groups, the 95% confidence interval for the neutron readings was typically +10%,
and that for the gamma readings was typically +20%. Precision of the total-dose
readings was comparable to the neutron precision (£10%, 2 SD) for this high-
neutron field. This contrasts with the +20% total-dose precision obtained for the
500-rad gamma-only irradiations.



1200

1000

800

600

400

200

Figures 6a,b,c.
909 rads, (b) 290 rads, and (¢) 61 rads

Days

A B
_ | 320 f T 1] L2 T Ll L3 T T 1 1 T T T T
L
i 280 — |
""‘J }. I_ Total [ ] Total
- 240} ]
T T ] : I\I i
=1 i —I Neutron T 200} { { Aaliee o
- a [ 1
160 i
4 d 8 L .
J 120 ]
7 80 /}‘ — { Gamma
I..--I I :{_ Gamma ¥ } 1
] 4" .
TR 3l - i i i L i i i 0 1 1 1 A 1 Il I ' S T S N S
0 2 6 8 10 12 14 60 2 4 6 8 10 12
Days Days
C
100 ¥ T T L4 LR LA T 17 L] ) ¥
80 -
d
—
r 60 P ——==" 1 Total
a x -
T~
d aoll i ] Neutron
20 .
— |~y ——1 | Gamma
obl |
0 2 4 6 8 10 12 14

Readings of dosimeters irradiated with TRIGA reactor at (a)



DISCUSSION

Performance of the DT-236/PD and CP-696/UD dosimetry system has been studied
in preliminary tests at AFRRI in cobalt-60 and in TRIGA-reactor radiation fields.
The test results are relevant to the reproducibility of the dosimeter reader, the
variability of readings among identically irradiated dosimeters, the fading or
growth of dosimeter readings with time after irradiation, and the accuracy of
dosimeter response in the AFRRI radiation fields.

The performance specifications (2, 3) for this system list £40% accuracy at doses
of 50-1000 rads and +20-rad accuracy at 0-50 rads. The present tests showed the
system to be capable of meeting these specifications and, with care, a level of
accuracy of +10% to 20% was achieved at high doses. At low doses, the accuracy
of the system was limited by the #20-rad (2 SD) variability in readings of
nonirradiated dosimeters.

Factors found to improve the precision of dosimeter readings were (a) warm-up
time of several hours for the reader unit, (b) sustained firm pressure on the
mechanical switeh that initiates the- read cycle, (¢) triplicate readings of each
dosimeter, (d) digital readout of the dose values, (e) proper accounting of dosimeter
predose readings, and (f) waiting 2 hours after irradiation before reading the
dosimeter. Although these practices were easily implemented in a laboratory
setting, they may be totally impractical in field use of the system. Thus, in the
field it seems likely that the specification of +40% accuracy represents realistic
performance of the system.

The test results described in this report represent the performance of a prototype
dosimeter system. The final production version of the system, to be designated
AN/PDR-75, will require similar tests to be performed. Further tests will also be
needed to define the directional and energy response of the dosimeters as well as
the performance of the system under extremes in ambient temperature.
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INTRODUCTION

An absorbed-dose calorimeter measures kerma caused by the absorption of gamma
rays and fast neutrons. It basically operates through the following principle: The
absorption of radiation in material results in an increase of the temperature of the
material; this temperature increase is directly proportional to absorbed dose and is
not dependent on dose rate or the ionization density of the radiation (1). Since the
magnitude of such temperature increases is small (on the order of 10-3 K/rad), a
sensitive thermistor is used to detect the change.

A calorimeter can be calibrated directly in terms of energy per unit mass by
depositing a known amount of energy into the calorimeter's central absorbing
element (or core) with an electric heater. When a TE plastic calorimeter is used, a
small amount of the energy deposited by radiation does not appear as heat. About
4% of the energy is consumed by radiochemical reactions in the plastic (2), so a
correction must be made for this thermal defect.

MATERIALS AND METHODS

The calorimeter used for these measurements (see Figure 1) was designed specif-
ically to measure kerma in A-150 plastie. To achieve this goal, it was necessary to
have a minimum amount of material surrounding the core. The core is a sphere of
A-150 plastic, 1.27 ¢m in diameter. The point of measurement is at the center of
the core, which is behind 0.63 c¢m of A-150 plastic. This amount of material is

[ ]
Wacuum | Thor 3010 Il
Syatem Temperature
Controlier

i

‘\' DC Wheetstone
o Bridge

& Keithly 147
ey | Nsnovol Nui

Calorimater Datector
[ Figure 1. Block diagram of calorimeter

Strig Chart system, indicating major components

Keithiay 178
Digital Viokt
Mater

Hewilett Peckerd
B5B Computer




enough to ensure secondary charged particle equilibrium for cobalt-60 gamma rays,
but it is more than is needed to establish secondary charged particle equilibrium
for neutrons from the reactor. Therefore, a correction was made for the
absorption of neutrons in the material between the point of entry and the center of
the core.

An aluminum vacuum shell, approximately 0.02 em thick, surrounds the calo-
rimeter's central elements. The vacuum provides insulation, which helps reduce
heat loss from the core.

Figure 2 shows a block diagram of the equipment used in the calorimetric system.
The change in resistance of the core thermistor was measured by the Wheatstone
bridge and the null detector. This signal was displayed on a strip chart recorder
and interfaced to a computer by means of a voltmeter. An example of the output
signal is shown in Figure 3. The vacuum system and temperature controller were
used to control the temperature of the calorimeter.

Graphite Core
1.27 cm Diameter

Adiabatic Jacket
(0.1 cm Thick) \
Core Thermistor

Aluminum Shell
{0.02 ¢cm Thick)

Control Heater—___ Polystyrene Tube

25 cm Stem
"‘4--" {Aluminum)

Vacuum Connection

m\<O/\Z j|/ Eiectricai Connection

Figure 2. Cutaway drawing of internal construction of
calorimeter (not to scale)
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Figure 3. Recorder trace indicating response of Wheatstone
bridge to change of 20 ohms and then to change in
resistance of core thermistor due to heat deposited in
core by radiation

Electrical calibration of the calorimeter was performed with a current source
connected to the calibration heater element, which is imbedded in the core.
Electrical heating of the core results in a response that corresponds to a known
amount of energy per unit mass. This response is measured as the relative change
in core thermistor resistance, AR, divided by the initial resistance value before the
input of energy, Ro. The calibration factor, C, then becomes:

E R
C - s _—o
m AR

where E is the energy deposited, m is the core mass, and Ry/AR is the fractional
thermistor resistance change. The electrical energy deposited is calculated,
knowing the core heater resistance and the current flowing through it (1).

During radiation measurement, a value is determined for AR/Rg, which is then
multiplied by the calibration factor to yield dose. An additional correction of 4%
is made for the thermal defect; therefore:

DA-150=C'E'T

where C is the calibration factor and T is the thermal defect correction of 1.04.

Kerma in the neutron field is determined by making an additional correction to
account for the absorption of neutrons in the A-150 plastic upstream of the center
of the core. The absorption in the 0.02-em-aluminum vacuum shell was considered



negligible. These corrections differed for each irradiation condition, because the
relative amounts of neutrons and gamma rays present were different. The three
conditions are listed in Table 1 along with the absorption corrections used to
calculate kerma (3).

Table 1. Irradiation Conditions and Absorption Corrections

Condition Absorption Correction
6" lead 1.104
Bare 1.078
12" water 1.006

RADIATION SOURCES

Cobalt-60

The Cobalt-60 facility consists of 104 separate cobalt-60 elements stored under
approximately 5 meters of water. The total activity was 100,000 curies as of
September 1981. Depending on the arrangement of the elements, unilateral or
bilateral exposures may be obtained. By varying the number of elements and the
distance from the source, the dose rate may be varied from approximately 1 to
5700 rad/min.

When a source is selected, it is automatically raised from its safe storage position
by an elevator. There are two such elevators, one on either side of the irradiation
support. These elevators can be moved away from the source to distances of
several meters. The source drives are controlled with electronic timers so that the
duration of the exposure can be preset.

Reactor

The reactor at AFRRI is a General Atomics (TRIGA) Mark-F pool-type reactor,
which is capable of both steady-state and pulsed modes. The reactor produces a
modified uranium-235 fission spectrum with neutron-to-gamma ratios ranging from
0.05 to 30. The maximum power limitations are 1.0 MW (thermal) and 2500 MW
(thermal) in the steady-state and pulsed modes, respectively.

Dosimetry at AFRRI's TRIGA reactor is currently performed with paired ionization
chambers (tissue-equivalent plastic and magnesium). During steady-state reactor
runs, where the dose rate is on the order of 40 rad/min, this technique has proven
sufficient. However, in the pulsed mode, up to 10,000 rad may be given in a very
short time (msec), causing the chambers to saturate. The pulsed mode, although
used frequently, has not been adequately studied in terms of the neutron-to-gamma
ratio and the spectra in the exposure rooms.



The reactor exposure room is approximately a cube (with 3.5-meter sides). The
wall nearest the reactor has a cylindrical protrusion that allows the reactor core to
be placed somewhat farther into the room. The normal irradiation reference
position is 1 meter from the center of the core.

LINAC

The AFRRI linear accelerator (LINAC) is a traveling wave electron accelerator
powered by a pulsed source of high-power microwave radio frequency. The LINAC
may be operated in two distinet modes: one produces electron beams (13-20 MeV)
and the other produces either higher energy (20-45 MeV) electron beams or brems-
strahlung fields.

Most experimental work currently done using the AFRRI LINAC requires the use of
the first mode, that is, a beam of electrons with initial energy ranging from 13 to
20 MeV. The pulse is from 0.01 to 5.0 microseconds. A water scatterer is often
used to decrease the energy of the electron beam and to increase the field size.
Occasionally, shielding or a scattering device is placed between the target and the
LINAC port to further reduce the energy and broaden the spectrum. The dose rate
and the field size then depend on the initial energy of the electrons, use of water
scatter, distance from the LINAC, and use of shielding or other scattering devices.
Some common experimental configurations are listed in Table 2 (pulse width equal
to 4 microseconds).

Table 2. Common Experimental Configurations

Approx.

Energy Pulse Approx.
Initial Striking Rate Target Field
Energy Water Target (pulse/ Distance Size Dose Rate
(MeV) Scatter  (MeV) sec) (meters) (em diam.) (rad/pulse)
18.6 Yes 13.7 60 1.0 14 160
18.6 Yes 13.7 15 3.5 42 15
18.6 Yes 13.7 15 4.0 49 12
13.5 Yes 9.3 30 1.0 16 250
13.5 No 12.7 15 3.2 21 490
13.5 Yes 8.3 15 5.0 78 7
13.5 No 12.0 30 5.0 47 50




EXPERIMENTAL PROCEDURES

COBALT-60

The calorimeter and an AFRRI ionization chamber (Exradin T-2) were placed at the
same distance (approximately 30 cm) from the cobalt-60 source elevators. The
calorimeter and the chamber were supported on a wooden table placed between the
two source elevators. The vacuum pump for the calorimeter was supported on an
adjacent table. Cables were strung up to the shielded entry door, and then taped to
the wall so that the door could close without crushing the cables. The calo-
rimeter's electronics rack was operated in an area adjacent to the cobalt-60 source
control room.

Monitoring was achieved by the use of electronic timers to control the duration of
the exposures, and a spherical ionization chamber placed approximately 1 meter
from the source elevators.

Appropriate corrections were made to the ionization chamber readings to account
for local air temperature and pressure. The calorimetric measurements were taken
in sets of approximately ten replicate runs to improve the standard error of the
mean for each set.

REACTOR

Two ionization chambers were set up, along with the calorimeter, at a distance of
1 meter from the reactor core. The ionization chambers were Exradin T-2 model
(0.5 cc); one was constructed of A-150 plastic and the other was of magnesium. A
50-cc AFRRI chamber served as a monitor.

The calorimeter's vacuum system was also in the exposure room. The entire
vacuum system was shielded with boron-loaded paraffin blocks so that it could not
become activated.

A series of steady-state and pulsed exposures was taken at several power levels to
determine the saturation corrections for pulsed irradiations.

LINAC

The measurement configuration at the LINAC was different from that used at the
reactor because of the higher energies encountered. Both the calorimeter and the
AFRRI ionization chamber (Exradin T-2) were placed within a polystyrene block,
which is normally a part of a SCRAD phantom (25 x 25 x 25 em). Both the chamber
and the calorimeter measured the dose at an effective depth of 2.67 g/em2, which
is approximately the point of maximum dose within the phantom. With both
electron and bremsstrahlung beams, the position of the dose maximum extends over
several centimeters.



The calorimeter and chamber were placed on a table at distances ranging from
approximately 2 to 6 meters from the beam pipe exit window. The calorimeter's
vacuum system was placed on an adjacent table. The calorimetric signal passed
through approximately 150 feet of shielded signal cable. The calorimeter's

electronics were set up in the LINAC experimental area, near the electrometer for
the ionization chamber.

DATA ANALYSIS

Calorimetric Calibration

The calorimeter is calibrated electrically by passing a known current through the
core heater for a known time and observing the response in terms of the
normalized resistance change (i.e., AR/Ry). The electrically equivalent "dose"
(J/kg) is computed from the following formula:

2
v
(ﬁ 1000) Ryt

Me

where V is the calibration circuit voltage, Ry is the core heater resistance, t is the
duration of the heating in seconds, and me is the mass of the core in kg. The
factor of 1.3 accounts for the voltage division in the calibration circuit, and the
factor of 1000 yields the correct units of joules.

Table 3 shows the calibration circuit voltages, equivalent doses, duration times,
and observed AR/Rq values.

Table 3. Electrical Calibration Parameters

Voltage (V) Dose (Gy) Time (s) AR/Rg
.534 17.26 60 4.49 x 104
. .823 41.42 60 1.08 x 1073
1.600 148.07 60 3.86 x 10-3




These values yield an average electrical calibration factor of:
Cg = 3.84 x 104 Gy/AR/R,

To cross-check this calibration, the core thermistor was calibrated in terms of
temperature response. The data were fitted with an exponential least squares fit
(Figure 4), yielding a value for the percent change per unit temperature of -4.467%
per OC with a correlation coefficient of 0.99.
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Figure 4. Plot of core thermistor resistance as function of
core (A-150 plastic) temperature

The formula for specific heat can be used to evaluate the calorimeter's response
another way:

E
mAt

where S is the specific heat, E is the quantity of energy put into the substance, m
is its mass, and t is the resultant temperature increase. Rewritten, this equation
yields:

E . Ats
m

where we can observe that the energy per unit mass will again be the dose.



The calorimeter was irradiated by a series of identical exposures of 12.03 Gy
(tissue) of cobalt-60 gamma rays. The average value of the responses was:

R = 3.02 x 107 AR/R,

Using the thermistor coefficient allows the determination of a temperature
increase, and multiplying that by the specific heat of A-150 plastic (1.72 3/°C)
measured by Domen (4) yields the dose:

3.02x 1070 1.72 - 10° = 11.63 G
4.467 B = e by

Thus the value of the calibration factor based on the thermal calibration is:

11.63 4

AR
—_—— = 3.85 x 10" Gy/ —
3.02 x 104 Ro

This is almost indistinguishable from the electrical calibration:

Cg = 3.84 x 104 Gy/ﬂ
Ro

Calorimetric Dose Calculations

When the electrical calibration is used to calculate the dose from the response
shown above, it yields:

DaA-150 = R - Cg-Tp

where Tp is the thermal defect correction of 1.04 and the other symbols have their
previous definitions.

3.02 x 107% (1.84 x 10%) 1.04 = 12.06 Gy A-150

This value should be compared to the value of dose computed to have been
delivered to the center of the calorimetric core. This dose was computed as
follows:

(43



The measured exposure was X 1270 roentgen

D =fX Aeq
D = 0.957 1270 0.99 0.01 Gy/rad
D = 12.03 Gy

where F is the ratio of mass-energy absorption coefficients for tissue and air, and
Aeq is the attenuation correction factor.

The delivered value is within 0.3% of the measured value. To summarize, the
calibrations based on electrical and thermal methods agree, and the electrical
calibration yields values of dose that are identical to values computed from
National Bureau of Standards-calibrated chambers.

RESULTS

Tables 4-6 show the results of measurements that were taken during two sessions,
July 1984 and March 1985. All of the individual calorimetric runs used to calculate
the average values in the tables are shown in Appendix A. The first session
concentrated on the reactor, and the second session dealt with the LINAC. Each
time, a set of measurements was taken at the cobalt-60 source as a reference.

The cobalt-60 results show good linearity and reproducibility. The reproducibility

between the two cobalt-60 measurements demonstrates the long-term stability of
the calorimetric response.

Table 4. Cobalt-60 Results, July 1984

Nominal Measured Dose
Set Date Dose Rate Rate (A-150 rad/min)
1 7/10 7000 6950
2 7/11 1000 1050
3 7/12 5000 2500
4 7/12 3000 3030

* Could be result of one source element not being in place
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Table 5. Calorimetric Results at Reactor, July 1984

Date Condition Dose (rad)
7/16 Bare 100 kw 3,270
7/17 Bare pulses 6.5 MW 5,050
13.8 MW 9,450
19.9 MW 13,300
12" H90 100 kW 460
7/18 6" Pb 100 kW 570
200 kW 1,250
7/19 6" Pb pulses 8.8 MW 1,290
15.4 MW 2,300
21.3 MW 3,190
Table 6. LINAC Results, March 1985
Dose
Date Radiation (Gy A-150 Plastic)
3/5 Cobalt-60 35.6
3/5 Cobalt-60 22.5
3/7 LINAC X rays 2.25 m 22.1
3/7 LINAC electrons 2.25 m 54.5
3/7 LINAC electrons 4 m, 4 us 127.0
3/7 LINAC electrons 4 m, 3 us 91.6
3/8 LINAC electrons 4 m, 2 us 62.8
3/8 LINAC electrons 4 m, 1 us 33.0
3/8 LINAC electrons 6 m, 4 us 54.1
3/8 LINAC electrons 4 m, 18.4 MeV 24.6
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DISCUSSION AND CONCLUSIONS

UNCERTAINTIES

The precision of the measurements primarily depends on the signal-to-noise ratio
for the particular irradiation condition. To improve the determination of a
particular value of kerma or kerma rate, several replicate runs were taken. The
standard error of the mean for most of these measurements was between +0.5%
and 1.5%. Other sources of random uncertainty include data analysis imprecision,
monitor reproducibility, and calibration uncertainties.

The accuracy, or systematic uncertainty, is dependent on the calibration of the
calorimeter and on the correction factors applied in the calculation of kerma.
Estimates of the accuracy from similar measurements were approximately +2.5%
(5). This includes an uncertainty of approximately +1.5% in the value used for the
thermal defect corrections (6).

The overall uncertainty in the determination of kerma and kerma rate by means of
calorimetric measurement was determined by adding the estimated random and
systematic uncertainties in quadrature. The individual sources of uncertainty are
shown in Table 7. The overall value thus obtained is +2.9%.

Table 7. Sources of Uncertainty

Electrical calibration 0.25%
Measurement repeatability 0.5%
Geometry 0.5%
Thermal defect 1.5%
Kerma correction 2.5%

CONCLUSIONS

The calorimetrie system provides an accurate method for determining the absorbed
dose from the radiation beams at AFRRIl. The calorimeter's response is inde-
pendent of dose rate and ionization density, which makes it valuable for comparing
the performances of dosimetry systems.

It was decided that a TE calorimetric system should be constructed specifically for
AFRRI. This project was completed, and the system is described in Appendix B.
Instructions for operating the system are also included.
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APPENDIX A. DATA LIST

The following pages contain tables of data from each calorimetric run taken at
AFRRI during two measurement sessions.

Cobalt-60 Electrons 252 em
5.89 x 10-4 1.38 x 10-3
5.73 x 10~4 1.38 x 103
5.80 x 10~4 1.37 x 10-3
5.56 x 10~4 1.39 x 10-3
5.65 x 104 1.38 x 1073
5.57 X 10-4 1.38 x 10-3
5.87 x 10~ ) 5
5.60 x 104 1:38 X 10-3
5.61 x 10-4 1.37 x 103
5.61 x 10~4 1.39 x 10-3
1.40 x 10-
1.41 x 10-3

2.33 x 10-3
2.31 x 10-3
2.29 x 10-3
2.34 x 10-3
2.32 x 10-3
2.35 x 10-3
2.33 x 10-3
2.33 x 103
2.31 x 10-3
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Electrons 4 m (2 us) Electrons 6 m (4 us)

1.58 x 10-3 1.36 x 103
1.59 x 10~ 1.36 x 10-3
1.59 x 10-3 1.36 x 10-3
1.57 x 103 1.37 x 10-3
1.57 x 10~ 1.36 x 1073
1.58 x 1073 1.38 x 10-3
1.58 x 10 1.39 x 10-3
1.61 x 10-3 1.39 x 10-3
1.63 x 10-3 1.39 x 10-3
1.38 x 10-3
7/12/84 Cobalt-60 3000 rad 7/12/84 Cobalt-60 5000 rad
2.53 x 10-3 3.33x 103
2.40 x 10-3 3.08 x 10-3
2.39x 10-3 3.14 x 10-3
3.08 x 10-3
7/11/84 Cobalt-60 1000 rad 7/10/84 Cobalt-60 7000 rad
1.31 x 10-3 8.76 x 10-3
1.34 x 10-3 8.81 x 10-3
1.33 x 10-3 8.79 x 10-3
1.37 x 10-3 8.85 x 10-3
1.33 x 10-3 8.88 x 10-3
7/16/84 Bare Reactor 100 kW 7/16/84 Reactor Pulses 6 nVt
2.40 x 10-3 9.62 x 104
2.26 x 10-3 9.44 x 10-4
2.58 x 10-3 1.10 x 10-
2.51 x 10-3
2.69 x 10-3
7/17/84 Reactor 12" HoO 100 kW 7/18/84 Reactor 6" Pb 100 kW
3.02 x 10-4 7.10 x 104
3.14 x 10-4 1.01 x 10-3
3.38 x 10-4 7.09 x 10-4
3.22 x 1074 5.78 x 10-4

5.08 x 1074



7/18/84 Reactor Pulses 6" Pb 12 nVt

7/19/84 Reactor 6" Pb 200 kW

5.91 x 104
6.18 x 10-4
4.07 x 104
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APPENDIX B. OPERATIONAL PROCEDURES FOR CALORIMETER

These procedures are written as a checklist. The user is assumed to be somewhat
familiar with the equipment. 1f you are not familiar with the equipment, study the
equipment manuals and then follow the instructions below.

EQUIPMENT CHECK

The equipment includes: Calorimeter
Vacuum pump with connectors
HP-85 computer (HP-1B interface and 64K memory
needed)
Keithley voltmeter
Calibration circuit
Cables

If any of these items are missing, locate them or contact your supervisor.
PLACEMENT OF EQUIPMENT

1. The HP-85 computer, the Keithley voltmeter, and the calibration circuit are
normally in an equipment cart, along with the cables and the calorimeter in its
wooden case (see Figure 4).

2. The vacuum pump does not need to be kept with the other equipment.

3. The electronic equipment should be placed in the control area adjacent to the
radiation source to be used.

EVALUATING THE CALORIMETER

1. The A-150 plastic core must be kept at low pressure. 1f you suspect that the
calorimeter's vacuum valve has been opened to air, evacuate the calorimeter.

2. If the calorimeter has been opened to air for longer than 2 days, you must
evacuate the calorimeter and irradiate it to approximately 150 kilorad using
cobalt-60 or electrons before attempting measurements.

3. 1f you have not operated the vacuum system before, consult the equipment
manuals before doing so. All valves of the vacuum system should be closed. The
calorimeter's vacuum valve should be closed. The mechanical pump should then be
switched on. (The diffusion pump will not be switeched on until later.)

4. Connect the calorimeter to the brass valve on the pump by means of the
stainless steel bellows. Check to be sure that the O-rings are clean and well
seated. Secure the calorimeter with a ring stand clamp. Open the brass valve
slowly (the bellows will compress and may pull the calorimeter toward the pump).
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5. Open the calorimeter's valve slowly. After a few minutes, switech on the
diffusion pump. Allow the calorimeter to pump this way for about 1 hour. Observe
the vacuum gauge, which should indicate a pressure of just a few torrs.

CONNECTING CABLES

1. After the calorimeter has been evacuated and the electronics have been placed
in the appropriate location, connect the calorimeter to the cable end that has a
dark-green female connector. This connector mates with the calorimeter's
connector. It is keyed and has a quarter-turn bayonet-type mechanism.

The other end of the cable has a blue male multipin connector that plugs into the
rear of the calibration circuit. A short cable with banana jacks at the end is
connected from the rear of the calibration circuit to the input of the Keithley
digital multimeter.

2. The Keithley will normally be left connected to the HP-85 computer. However,
it is prudent to verify that the interconnecting cable and HP-IB interface module
are plugged into the Keithley and the HP-85, respectively.

3. The Keithley multimeter should be in the resistance mode, and the display
should read approximately 10,000 ohms. If an open ecircuit or short circuit is
indicated, recheck the connections.

4. Turn on the calibration circuit and run it for a few seconds. Select both the
core and the jacket on the mode switeh, and verify that some voltage appears on
the panel meter in both positions. This checks the continuity of the calibration
heaters. If the panel meter indicates no voltage, again check the connections.

SETUP FOR MEASUREMENTS

1. After it has been determined that the calorimeter is operating properly,
disconnect the cable and set the calorimeter at the irradiation position. A white
line on the exterior of the calorimeter indicates the height of the core, and the top
of the calorimeter has a centering spot.

2. Make sure that the vacuum valve is not inadvertently opened while you are
setting up the system.

3. Bring the cable into the irradiation room and connect it to the calorimeter.

After the final fine position adjustments and checks, tape the cable down or
otherwise secure it into position.
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TEMPERATURE EQUILIBRATION

After the calorimeter has been set in place for measurements, it must be allowed
to come to equilibrium with its surroundings. Although the temperatures of most
rooms are within a few degrees of each other, such differences are very large
compared to the temperatures that the calorimeter will actually be measuring
when it is irradiated. (These are on the order of 10-3°C.) Allow a few hours for
the calorimeter to equilibrate.

The reactor presents the most serious equilibration problem. The calorimeter
should be placed in the reactor's exposure room some time during the afternoon
preceding a measurement session. It should be connected to the electronic system
and left on overnight. No further entries into the exposure room should be made
until early the next morning (approximately 6:30 a.m.), when the reactor room
lights should be turned on and left on. These lights create a rise of several degrees
in room temperature, so the calorimeter will have to equilibrate again for approx-
imately 2 hours. If the lights are turned on at 6:30, the system should be ready by
9:00 a.m.

The drift rate of the calorimeter can be checked periodically by acquiring the
plotting data with the READIN program or by observing the reading of the Keithley
digital multimeter.

COMPUTER ROOM

The operation of the HP-85 computer requires the program tape cassette and a
blank tape (or tapes). The program tape should be "write inhibited," and the blank
data tapes should be capable of being written.

The program will autostart. The program tape should be inserted into the HP-85,
and the power switch should then be turned on. At this point, a menu will appear
on the screen with a list of the following subprograms:

LOADR
READIN
LSTSQ
DNLOAD
EPLOT

The control keys K1 through K9 are used to select the subprograms. The programs

are self-prompting and require either a yes or no (Y/N) or an input of numerical
data.

Procedure
1. Enter date (D,M,Y) and time (H,M,S).

2.  Select READIN. This program will ask for file names and run parameters.
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3.  When data entry is finished, write the data onto a blank tape with DNLOAD.
This program will also prompt the user.

4. When the data are to be analyzed, run the EPLOT program to select the
intervals of analysis. This program automatically scales the pPlot to display
maximum sensitivity.

5. Program LSTSQ analyzes the data and calculates a net slope value and a dis-

placement. Either of these quantities can be calibrated to produce dose or dose-
rate values.
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